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SECTION  1. 


INTRODUCTION 

The  subject  of  this  program  is  evaluation  of  the  durability  and  damage 

tolerance  of  bismaleimide  (BMI)  composites.  BMI  resin  systems  have  been 

developed  for  structural  applications  in  350°F  to  450°F  environments.  This 

represents  an  improvement  over  epoxy  resin  capability  of  approximately  100°F. 

First  generation  BMI  resins  achieved  the  increased  temperature  capability  at 

the  expense  of  toughness.  Figure  1  shows  C-scana  of  low-velocity  impact 

damage  in  two  panels  of  identical  geometry.  The  first  panel  is  made  with 

# 

3501-6  epoxy  resin  and  the  second  one  is  made  with  V378A  BMI  resin.  Both 
panels  were  impacted  with  similar  energy  levels  at  similar  locations.  The 
predominance  of  damage  (indicated  by  unshaded  area)  in  the  BMI  panel  compared 
the  damage  in  the  epoxy  panel  illustrates  the  inferior  toughness  of  the 
BMI  resin.  Second  generation  BMI  resins  have  been  developed  to  improve 
toughness  while  retaining  the  high  temperature  capability.  The  improvement 
is  illustrated  i-*  Figure  2  where  a  decrease  in  damage  is  evident  in  the  panel 
mads  with  second  generation  BMI  3100  (compared  to  the  panel  made  with  the 
first  generation  EMI  V378A).  In  this  program  we  experimentally  evaluated  two 
second  generation  BMI  systems. 

In  Task  I  of  the  program  we  surveyed  candidate  material  systems  and 
chose  1M6/3100  and  IM6/F65C  for  evaluation.  The  IM6  intermediate  modulus 
fiber  system  was  chosen  as  the  common  fiber  for  both  material  systems.  A 
common  fiber  was  chosen  so  that  differences  in  performance  could  be  attri¬ 
buted  to  the  BMI  resin.  Thu  high  strength  and  stiffness  of  the  IM6  fiber  are 
properties  that  are  import; -t  for  future  fighter  designs.  The  resin  systems 
were  chosen  for  their  superior  toughness/ temperature  characteristics.  The 
3100  resin  produced  by  American  Cyanamid  was  credited  as  having  superior 
toughness.  The  F65U  resin  produced  by  Hexcel  was  credited  as  having  superior 
temperature  capability.  Evaluation  of  both  systems  allowed  an  assessment  of 
the  relative  importance  of  the  contradictory  properties  of  toughness  and 
temperature  capability. 
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IM6/3501-6  IM6/V378A 


QPM-OOM-U 

Figure  1.  First  Generation  BMI  (V378A)  It  More  Susceptible  to  Low  Velocity  Impact 

Damage  Than  Epoxy  (3501  >6) 


IM8/V378A  IM6/3100 


OPPMOM-tt 

Figure  2.  Second  Generation  BMI  (3100)  Shows  Improved  Low  Velocity  Impact  Damage 
Tolerance  Compared  to  First  Generation  BMI  (V378A) 
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In  Task  II  basic  material  properties  were  determined.  The  data  .included 
moisture  absorption,  glass  transition  temperature,  thermal  spike  susceptibil¬ 
ity,  lamina  properties,  and  interlaminar  fracture  toughness  test  results. 
Moisture  absorption  and  glass  transition  temperature  data  were  used  to  define 
elevated  temperature/wet  conditions  for  testing  that  followed.  Lamina 
properties  and  fracture  toughness  test  data  were  used  to  correlate  laminate 
behavior  exhibited  in  Task  III. 

In  Task  III'  laminate  structural  characterizations  of  IM6/3100  and 
IM6/F650  were  completed.  Tests  were  performed  on  coupons  that  represented 
configurations  found  in  typical  aircraft  designs.  Figure  3  shows  an  advanced 
fighter  wingbox  design  that  includes  a  variety  of  structural  configurations. 
The  mechanically  fastened  upper  skin  in  the  design  includes  laminates  of 
different  thicknesses,  different  layups,  and  different  notch  conditions.  To 
evaluate  the  performance  of  the  two  bisoaleimide  composite  systems,  specimens 
were  fabricated  and  tested  in  notched  and  unnotched  conditions  to  represent 
design  applications  shown  in  Figure  4. 
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Figure  3.  Advanced  Fighter  Wingbox  Design 
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Figure  4.  Representative  Task  III  Test  Specimens 


In  Task  IV  the  better  system  (IM6/3100)  was  chosen  to  fabricate  stif¬ 
fened  panels  for  evaluation  of  the  bismaleimide's  durability  and  damage 
tolerance  in  a  structural  configuration.  Static  and  fatigue  tests  were 
performed  on  panels  with  and  without  impact  damage. 

Finally,  comments  were  made  as  to  the  applicability  of  damage  tolerance 
requirements  to  bismaleimide  composites.  Also,  recommendations  were  made  for 
future  efforts  in  the  area  of  impact  damage  analysis  development. 
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SECTION  2. 


TASK  I:  MATERIAL  SELECTION 

2.1  Assessment  Criteria  for  Carbon/Bismaleimide  Properties  -  Bismaleimide 
systems  were  assessed  on  the  basis  of  both  physical  and  mechanical  proper¬ 
ties.  This  assessment  included: 

(a)  production  status 

(b)  manufacturing  qualities 

(c)  handling  qualities 

(d)  resin  chemistry 

(e)  physical  and  mechanical  property  data  at  room  and  elevated 
temperature 

(f)  moisture  absorption  characteristics 

(g)  dry  and  wet  glass  transition  temperatures 

(h)  solvent  resistance 

(i)  fiber/ resin  compatibility 

The  assessment  of  the  physical  qualities  of  the  eight  resins  identified 
as  applicable  to  this  program  is  shown  in  Figure  5.  Assessment  of  suppliers' 
resin  data  shows  that  wet  glass  transition  temperatures  range  from  350*F  to 
450°F.  Since  different  suppliers  use  different  methods  to  evaluate  wet  glass 
transition  temperature  there  was  uncertainty  associated  with  quantitative 
comparisons  of  this  characteristic.  Therefore,  this  data  was  used  as  a 
qualitative  indicator  of  temperature  capabilities  of  the  materials  in  order 
to  insure  that  the  two  resins  chosen  for  the  program  exhibited  characteris¬ 
tics  associated  with  resins  from  opposite  ends  of  the  wet  glass  transition 
temperature  range. 

Assessment  of  the  mechanical  properties  identified  specific  fiber  and 
resin  combinations  which  were  expected  to  exhibit  improved  laminate  mechan¬ 
ical  properties.  These  include  Increased  strain  capability,  and  improved 
damage  tolerance  (increased  toughness)  without  loss  of  stiffness  or  com¬ 
pressive  strength  over  those  of  earlier  carbon/ bismaleimide  material  systems. 
The  baseline  material  systems  used  for  comparison  included  T300/V378A 
carbon/ bismaleimide  and  AS/3501-6  carbon/epoxy. 
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Figure  S.  Assessment  of  Second  Generation  Blsmaleimlde  Resins 
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Selection  of  two  carbon  fiber/bismaleiraide  resin  system  combinations  for 
use  in  Tasks  II  through  IV  was  performed  using  a  two  step  procedure  for 
evaluating  constituent  fiber  and  resin  properties.  The  first  step  of  this 
procedure  utilizes  basic  resin  stiffness  and  strength  properties  obtained 
from  neat  resin  tests  to  predict  composite  performance.  Initial  resin 
modulus,  strength,  strain  to  failure  and  strain  energy  are  key  material 
assessment  parameters. 

A  graphical  representation  of  the  resin  categorization  procedure  is 
shown  in  Figure  6.  Strength  and  moduli  axes  are  normalized  with  respect  to  a 
baseline  material  strength.  Sq,  and  modulus  Eq,  respectively.  Four  para¬ 
meters  are  used  to  define  upper  and  lower  bounds  for  the  region  where  overall 
composite  structural  efficiency  improvements  can  be  expected.  These  para¬ 
meters  are:  normalized  resin  tensile  strength,  normalized  resin  strain 
energy,  normalized  resin  strain  to  failure,  and  normalized  resin  modulus. 

These  normalized  resin-related  parameters  bound  the  resin  properties 
which  will  result  in  improved  laminate  transverse  strength,  transverse 
modulus,  strain  energy  (toughness)  and  global  matrix  (resin)  cracking  as 
shown  in  Figure  6. 
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Lower  bounds  for  composite  material  improvement  are  determined  by  resin 

strength,  toughness,  and  strain-to-failure  (Figure  6).  Increasing  the  resin 

strength  relative  to  a  baseline  (S  >  Sq)  is  predicted  to  increase  lamina 

transverse  strength  and  intralaminar  shear  strength.  Increasing  the  resin 

strain  energy  (toughness)  increases  laminate  impact  resistance.  As  compared 

to  a  brittle  resin,  increases  in  laminate  toughness  are  shown  in  Figure  6  by 

a  lower  bound  S  >  S  \/E/E  . 

o v  o 


Global  matrix  cracking  is  controlled  by  resin  strain  allowables.  Cyclic 
loading  for  laminates  above  the  matrix  cracking  strain  level  has  been  asso¬ 
ciated  with  rapid  decrease  in  fatigue  life  (Reference  1).  Therefore,  compos¬ 
ite  durability  is  predicted  to  increase  for  resin  systems  in  which  S/E  is 
greater  than  Sq/Eo  (Figure  6). 


Raaln  Modulus  Ratio,  E/E0 

flMIOOK  Ifl 

Figure  6,  Reeln  Properties  Necessary  to  improve  Laminate  Properties 


The  upper  bound  on  composite  material  compressive  performance  is  deter¬ 
mined  by  resin  modulus.  Longitudinal  compression  properties  are  improved 
with  higher  resin  modulus  (E  >  EQ)  due  to  greater  fiber  stabilisation. 
Potentially  large  benefits  may  be  gained  in  toughness  through  resin  formula¬ 
tions,  but  at  the  expense  of  lower  resin  stiffness.  This  results  In  lower 
longitudinal  compression  strength  compared  to  the  baseline  material. 
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The  region  where  all  laminate  properties  are  improved  can  be  expressed 
by: 

E  >  E 

o 

S  >  S  E 

°r 

o 

as  shown  in  Figure  6. 

The  second  step  of  the  mechanical  property  assessment  procedure  involved 
evaluation  of  fiber  constituent  properties  and  fiber/resin  compatibility. 
The  next  generation  fighter  aircraft  will  require  fibers  with  greater  stiff¬ 
ness  than  used  in  current  production  aircraft.  Intermediate  modulus  carbon 
fiber  properties  are  compared  to  current  fiber  and  high  strain  fibers  in 
Figure  7.  Candidate  intermediate  modulus  fibers  for  evaluation  in  this 
program  included  Hercules  IM-6  and  IM-7,  Union  Carbide  T-40,  and  Hitco  Hitex 
42.  The  T-40  fiber  was  not  available  in  production  quantities.  The  IM-7 
fiber  was  a  proprietary  system  not  yet  commercially  available  in  other 
manufactures'  resin  systems. 


Strain  -  percent 


Figure  7.  Candidate  Carbon  Fiber  Materials 
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The  mechanical  properties  of  candidate  carbon  fibers  and  bismaleimide 
resins  were  assessed.  Mechanical  property  data  that  were  available  for 
various  fiber/ bismaleimide  resin  combinations  for  35  msi  and  42  msi  modulus 
fibers  are  shown  in  Figures  8  and  9  respectively.  Included  in  these  figures 
are  baseline  T300/V378A  data. 
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Figure  i.  Iniaraiadlata  Modutoe  Carbon  Fiber  Kamalatmlda  Compoalta 

Property  Comparfeon 


Based  on  the  res in -related  failure  data  available,  theta  materials  were 
correlated  with  the  resin  selection  criteria  envelope  in  Figure  10.  The 
properties  presented  in  Figure  10  ere  normalized  to  the  baseline  Hitco  V378A 
resin  system.  As  seen  in  this  figure,  all  second  generation  bi  scale  la  ides, 
with  the  exception  of  Avco  130,  were  expected  to  show  en  overall  improve¬ 
ment  m  laminate  structural  and  damage  tolerance  properties.  However,  none 
were  expected  to  reach  tha  performance  of  currant  epoxy  systems. 
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2.2  Fiber/Bismalaittide  Material  Selection  -  The  assessment  of  th*  available 
data  for  bisuaalaiaids  resin  material  systems  was  ussd  to  salact  two  systems 
for  use  in  Tasks  II  through  IV.  Thasa  resin  systems  ware  American  Cyanamid's 
Cycoa  3100  and  Hexcal's  F650,  Selection  was  based  on  resin  Mechanical  and 
physical  properties,  processibllity,  availability  and  compatibility  with  the 
Hercules  1H6  fiber.  The  Hercules  1H6  fiber  was  sslectwd  for  avaluatioit*  with 
these  resins  because  of  its  high  strength  end  stiffness  properties.  A  cannon 
fiber  was  chosen  so  that  differences  in  performance  could  be  attributed  to 
the  BH1  resin. 

Both  Cycoa  3100  and  Hexcel  F650  have  improved  interlaminar  fracture 
toughness  and  improved  interlaminar  sheer  strength  over  the  current  carbon/ 
bisaaleiaide  system.  Both  of  thasa  systcas  have  excellent  handling  charac¬ 
teristics,  similar  to  epoxies.  The  assessment  showed  these  materials  should 
maximise  structural  performance,  including  higher  strains  to  fsilure  (reduc¬ 
ing  aicrocracking),  improved  transverse  lamina  strength,  retention  of  stiff¬ 
ness  and  unidirectional  compression  strengths  at  elevated  teeparature,  and 
improved  toughness. 
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The  Cycom  31C0  system  has  a  hot/vet  service  temperature  capability  of 
350 °F  while  the  Hexcel  F650  sysuet.  h»s  a  hot/wet  service  temperature  in  the 
400°F  range.  The  increased  service  temperature  capability  of  F650  sacrifices 
some  toughness  and  damage  tolerance.  Selection  of  the  two  bismaleimide 
resins  permitted  an  assessment  of  new  second  generation  materials  with  a 
range  of  temperatures  and  improvements  in  toughness  that  may  encompass 
requirements  of  future  aircraft.  The  two  material  systems  selected  for  use 
in  this  program  are  summarized  in  Figure  11. 


Material 

System 

Fibar/Rasln 

Fiber 

Manufacture? 

Fiber  Strain 
Capability 
(plnJln.) 

Raaln 

Manufacturer 

Raaln 

Oascrlptlon 
(Hot/Wat  Service 
Temperature) 

A)  IM6/3100 

Hercules 

18,000 

American 

Cyanamld 

350-375 

B)  IM8/F0SO 

Hercules 

18,000 

Hexcel 

425  -  450 

ONMNN>r 

Figure  11.  Flber/Reih  Materials  Selected  for  the  Program 
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SECTION  3. 


TASK  II:  ENVIRONMENTAL  MATERIAL  ALLOWABLES 

3.1.  Summary  and  Conclusions  -  IM6/31Q0  and  IM6/F650  specimens  were  tested  to 
determine  moisture  absorption  characteristics,  glass  transition  temperatures, 
susceptibility  to  thermal  spiking,  lamina  mechanical  properties,  fracture 
toughness,  and  crack  growth  characteristics.  These  properties  were  compared 
to  available  data  for  baseline  epoxy  (AS1/35Q1-6)  and  BMI  (T300/V378A) 
material  systems. 

Moisture  absorption  tests  were  performed  to  determine  how  much  and  how 
fast  water  is  absorbed.  The  quantity  of  water  that  could  be  absorbed  was 
determined  from  test  results  that  show  IM6/3100  achieved  a  saturation  level 
of  1.34  percent  which  is  87  percent  of  the  saturation  level  of  T300/V378A. 
IM6/F650  achieved  a  saturation  level  of  1.28  percent  which  is  84  percent  of 
the  T300/V378A  level.  The  rate  at  which  water  is  absorbed  was  determined 
from  diffusivity  (Dx)  tests  that  showed  IM6/3100  and  IM6/F650  bounded  by 
AS1/3501-6  and  T300/V378A.  At  100°P,  the  diffusivity  of  T200/V378A  is 
approximately  two  times  as  great  as  for  IM6/F650,  two  and  one-half  times  as 
great  as  for  IM6/3100,  and  ten  times  as  great  as  for  AS1/3501-6. 

Glass  transition  temperature  (Tg)  tests  were  performed  to  determine  how 

moisture  affects  the  T  of  the  two  material  systems.  Test  results  show  that 

8 

the  T  -f  IM6/3100  decreases  linearly  with  moisture  content  and  that  the  T 

g  8 

of  1M6/P6S0  decreases  nonlinearly  with  moisture  content.  Also,  at  moisture 
contents  in  excess  of  1.1  percent,  the  T  of  IM6/3100  exceeds  the  T  of 
IM6/F6S0.  The  T  test  results  were  used  to  define  the  elevated  temperature/- 

O 

wet  test  conditions  for  later  tasks. 

Thermal  spike  tests  were  performed  to  determine  the  susceptibility  of 
IN6/3100  and  IM6/P650  to  matrix  microcracking  or  delamination  caused  by  rapid 
changes  in  temperature.  Tests  showed  that  XM6/3100  did  not  exhibit  micro¬ 
cracks  or  delaminations  for  either  dry  or  wet  laminates.  XM6/F650  exhibited 
microcracking  only  in  wet  laminates. 


# 
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Lamina  property  test  results  show  that  0°  properties  of  IM6/3100  and 
IM6/F650  compare  favorably  with  baseline  systems  AS1/3501-6  and  T300/V378A. 
This  quality  is  attributable  to  the  superiority  of  the  IM6  fiber  compared  to 
either  AS1  or  T300  fibers.  In  contrast,  the  90°  properties  of  IM6/3100  and 
IM6/F650  were  not  as  good  as  the  90°  properties  of  the  baseline  materials. 
The  shear  properties  of  IM6/3100  exceeded  those  of  T300/V378A  but  fell  short 
of  those  of  AS1/3501-6;  while  the  shear  properties  of  IM6/F650  matched  those 
of  T300/V378A  and  also  fell  short  of  those  of  AS1/3501-6. 

Fracture  toughness  and  crack  growth  testing  was  performed  to  determine 
the  Mode  I,  Mode  II,  and  interaction  characteristics.  IM6/3100  was  found  to 
be  tougher  than  IM6/F650.  IM6/3100  showed  equal  toughness  at  cold  tempera¬ 
ture/dry  (CTD),  room  temperature /dry  (RTD),  or  elevated  temperature/wet  (ETW) 
conditions.  IM6/F650  exhibited  degraded  toughness  at  ETW  conditions  compared 
to  its  CTD  or  RTD  toughness.  Results  show  that  Mode  I  fracture  toughness 
increases  with  crack  length.  This  behavior  has  been  attributed  to  fiber 
bridging.  Mode  II  fracture  toughness  was  found  to  be  independent  of  crack 
length.  It  was  found  that  IM6/3100  is  generally  tougher  than  AS1/3501-6  and 
T300/V378A,  and  IM6/F650  is  generally  not  as  tough  as  the  baseline  materials. 

For  both  materials  the  mode  with  the  greatest  crack  growth  rate  under 
CTD  and  RTD  conditions  was  mixed  mode  with  83  percent  Mode  II.  Under  ETW 
conditions,  crack  growth  was  greatest  in  Mode  I  for  IM6/3100.  IM6/F650 
showed  significant  increases  in  crack  growth  for  all  modes  at  ETW  conditions. 
The  results  from  Mode  II  IM6/F650  testing  indicate  that  resin  weakened  by  ETW 
conditions  caused  unstable  crack  growth. 

3.2  Testing  and  Evaluation  -  The  objective  of  the  test  program  was  to  define 
the  environmental  material  allowables  for  the  bismaleimide  composites 
IM6/31Q0  and  IM6/F650.  Data  was  recorded  to  determine  environmental  effects, 
basic  lamina  material  properties,  toughness,  and  crack  growth  characteris¬ 
tics. 
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3.2.1  Overview  -  In  this  program,  162  static  tests  and  72  fatigue  tests 


were  performed  under  cold  temperature  dry  (CTD),  room  temperature  dry  (RTD), 
and  elevated  temperature  wet  (ETW)  conditions.  The  tests  were  conducted  to 
determine: 

o  moisture  absorption  properties 

o  glass  transition  temperatures 

o  susceptibility  to  thermal  spike  damage 

o  unidirectional  lamina  material  properties 

o  fracture  toughness  interaction  characteristics 

o  interlaminar  crack  growth  behavior 

according  to  the  matrix  in  Figure  12. 


Test  Types 

Number  of 

Tests 

Moisture  Absorption 

36 

Glass  Transition  Temperature 

24 

Thermal  Spiking 

16 

Lamina  Mechanical  Property 

90 

Fracture  Toughness 

144 

Total 

310 

9nHMt4 


Figure  12.  Task  II  Test  Matrix 
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3.2.2  Moisture  Absorption  -  Figure  13  shows  the  environmental  condi¬ 
tions  imposed  during  the  tests.  For  the  first  three  conditions,  the  relative 
humidity  (RH)  was  held  constant  and  temperature  was  varied  in  order  to 
determine  the  diffusivity  (Dx)  of  the  material  as  a  function  of  temperature. 
The  results  in  Figure  14  show  the  diffusivities  of  IM6/3100  and  IM6/F650  are 
bounded  by  the  diffusivities  of  AS/3501-6  and  T300/V378A.  At  100°  F,  the 
diffusivity  of  T300/V378A  is  approximately  two  times  as  great  as  for 
IM6/F650,  two  and  one-half  times  as  great  as  for  IM6/3100  and  ten  times  as 
great  as  for  AS1/3501-6. 


Absorption  Environment 

Number  of  Testa 

Total 

Temperature 

CF) 

R.H. 

(%) 

IM6/3100 

IM6/F650 

100 

76 

3 

3 

6 

140 

75 

3 

3 

6 

180 

76 

3 

3 

6 

160 

80 

3 

3 

6 

160 

75 

3 

3 

6 

160 

95 

3 

3 

6 

36 

(Wmmm 


Figure  13.  Moisture  Absorption  Test  Matrix 
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3.8 

J 
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Figure  14.  Oilffusivity  u  a  Function  of  Temperature 


In  the  last  three  conditions  of  Figure  13,  the  temperature  was  held 
constant  and  RH  varied  to  determine  the  moisture  content  at  equilibrium 
as  a  function  of  RH.  Figure  15  shows  a  comparison  of  M  for  T300/V378A, 
IM6/3100,  and  IM6/F650  with  resin  contents  (RC)  of  30.2  percent,  30.1  per¬ 
cent,  and  31.4  percent  respectively.  The  RC  of  the  test  laminate  is 
important  because  M  is  directly  proportional  to  RC  as  shown  in  Equation  1. 

M  -  A  *  (XRC/100)  *  (*RH/100)B  (1) 

eq 

The  M  of  T300/V378A  at  100  percent  RH  is  1.534  percent.  For  IM6/3100  the 
eq 

M  at  100  percent  RH  is  1.341  percent  (87  percent  of  the  T300/V378A  value) 
and  for  IM6/F650  the  M0q  at  100  percent  RH  is  1.281  percent  (84  percent  of 
the  T300/V378A  value). 
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T30 

IN 

IN 

0/V378A  D 
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30.2  1.534 
30.1  1.341 
31.4  1.281 

1.069 

1.129 

1.237 

5^ 

10 

%  Relative  Humidity 

Figure  IS.  Equilibrium  Moisture  Content  vs  Relative  Humidity 
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After  the  moisture  absorption  characteristics  of  both  material  systems 
were  determined,  analyses  were  performed  in  order  to  define  an  end-of-life 
moisture  content  for  a  representative  composite  structure  exposed  to  a 
20-year  basing  scenario.  Weather  data  composed  of  temperatures  and  relative 
humidities  for  various  Air  Force  bases,  along  with  the  moisture  absorption 
test  results  discussed  previously,  were  used  as  input  to  a  one-dimensional 
moisture  diffusion  model  called  WETLAM.  WETLAM  was  used  to  model  a  1/4  inch 
thick  laminate  representing  a  section  of  an  F-15  wing  skin.  Weather  data  for 
European,  American,  and  Far  Eastern  basing  scenarios  were  used  to  determine 
the  most  critical  exposure.  Figure  16  summarizes  the  results  of  the  investi¬ 
gation.  The  most  critical  exposure  for  both  material  systems  was  the 
European  basing  scenario  resulting  in  end-of-life  moisture  contents  of  0.712 
percent  for  IM6/3100  and  0.714  percent  for  IM6/F650.  These  moisture  levels 
were  used  later  with  glass  transition  temperature  test  results  to  determine 
ETW  test  conditions  for  future  testing  in  this  program. 
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20-Year 

%  Moisture  Content 
Predicted  by  WETLAM 

Basing  Scenario 

IM6/3100 

IM6/F650 

Europe 

0.712 

0.714 

Far  East 

0.699 

0.679 

United  States 

0.644 

0.639 

OPTMMMO 

Figure  16.  End-of-Life  Moisture  Contents  in  F-15  Wing  Skins 
After  20-Year  Exposures 

3.2.3  Glass  Transition  Temperature  -  Glass  transition  temperatures  (T  ) 

8 

limit  usage  temperatures.  Tests  were  performed  on  dry  and  wet  laminates  to 

measure  T  ,  as  shown  in  the  test  matrix  in  Figure  17.  Thermal  Mechanical 
8 

Analysis  (TMA)  was  used  to  measure  T  for  both  bismaleimide  systems.  The  TMA 

8 

measures  thermal  expansion  dimensional  changes  as  a  function  of  temperature. 
The  Tg  of  each  material  is  the  point  on  the  expansion  versus  temperature  plot 
where  the  coefficient  of  thermal  expansion  (i.e.  slope  of  expansion  versus 
temperature  plot)  changes,  as  shown  in  Figure  18.  The  T  decreases  as 

5 

moisture  content  increases. 


Moisture  Content 

Number  of  Tests 

Total 

IM6/3100 

IM6/F650 

Dry 

3 

3 

6 

Level  1 

3 

3 

6 

Level  2 

3 

3 

6 

Level  3 

3 

3 

6 

24 

(IMMMMS-T 


Figure  17.  Glass  Transition  Temperature  Test  Matrix 
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Figure  18.  Glass  Transition  Temperature  Determined  by  Thermal  Mechanical  Analysis 

In  Figure  19,  Tg  as  a  function  of  moisture  content  is  shown  for  both 

material  systems.  The  T  of  IM6/31Q0  decreases  linearly  with  increasing 

8 

moisture  content.  The  Tg  of  IM6/F650  decreases  nonlinear ly  with  increasing 

moisture  content.  It  is  interesting  to  note  that  for  high  moisture  contents, 

the  T  of  IM6/F650  is  lower  than  the  T  of  IM6/3100. 

8  8 

The  Tg  vs.  moisture  content  relationships  shown  in  Figure  19  were  used 

with  previously  determined  end-of-life  moisture  contents  to  define  the  upper 

use  temperatures  for  both  BMI  systems.  For  IM6/3100  at  a  moisture  content  of 

0.712  percent  the  T  is  predicted  to  be  408°F.  To  insure  that  the  degrada- 

8 

tion  associated  with  the  T  was  not  encountered,  a  buffer  of  approximately 

8 

S0°F  was  applied,  resulting  in  an  upper  use  temperature  of  360°F  for 
'  IM6/3100 .  In  a  similar  manner  the  upper  use  temperature  for  IM6/F650  was 
defined  as  410°F.  The  ETW  test  conditions  for  both  materials  are  shown  in 
Figure  20. 
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Glass 

Transition 

Temperature 
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Figure  19.  Variation  of  Qlaaa  Tranaition  Temperature  With  Abaorbed  Molature  Content 


Materiel 

%  Molature  Content 
Predicted  by  WETLAM 

Qlaee  Treneltlon 
Temperature 
(*F) 

Elevated  Teat 
Temperature 
CF) 

IM6/3100 

0.712 

408 

380 

IM6/F850 

0.714 

465 

410 

aJ7MMJ.11 


Figure  20.  Elevated  Temperature /Wat  Teat  Conditlone  Determined 
From  End*of>Ufe  Molature  Level 
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3. 2. A  Thermal  Spike  Susceptibility  -  Thermal  spike  tests  were  performed 
in  order  to  evaluate  the  susceptibility  to  matrix  microcracking  or  delaraina- 
tion  due  to  rapid  changes  in  temperature.  Each  material  system  was 
cycled  from  -65°F  to  its  upper  use  temperature  and  back  to  -65°F,  five  times, 
as  shown  in  Figure  21.  The  rate  of  temperature  change  was  l°F/sec,  which  is 
representative  of  the  rate  with  supersonic  dash  conditions.  Both  dry  and  wet 
specimens  were  tested  as  shown  in  Figure  22.  Each  test  involved  a  test 
specimen  and  a  rider  specimen.  The  test  specimen  was  sectioned  and  polished 
for  micrographic  investigation.  The  rider  specimen  was  instrumented  with  a 
thermocouple  to  monitor  the  temperature  vs.  time  schedule.  Wet  laminates 
were  tested  to  see  if  entrapped  moisture  would  promote  delaminations  or 
microcracking  in  severe  hot  or  cold  environments. 


Temperature 

°F 


a)  1118/3100  Schadula 


Temperature 

°F 


b)  IM6/F650  Schadula 


0P7JCMJ-12-0 


Figure  21.  Thermal  Spike  Temperature  and  Time  Schedules 
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Spike 

Range 

(#F) 

Moisture 

Condition 

Number 
of  Tests 

IM6/3100  IM8/F650 

Number  of 
Specimens 

-65-Tupa 

Dry 

2b  2b 

8 

-65-TU0‘ 

Wet 

2b  26 

8 

Total 

16 

Notts: 

a  Tup  =360  for  IM6/310O 
a  Tup  =  4l0for  IM6IF650 
b  Each  taat  Involved  one  teat 
specimen  and  one  rider  specimen 

OPTMltt-lt 

Figure  22.  Thermal  Spike  Test  Matrix 


For  both  dry  and  wet  conditions,  XM6/3100  showed  no  sign  of  microcrack'* 
ing  or  delamination.  Also,  dry  1M6/F650  laminates  showed  no  signs  of  crack¬ 
ing  or  delamination.  In  contrast,  wet  IM6/F650  laminates  did  exhibit  micro¬ 
cracking.  The  microcracks  occurred  in  the  90°  ply  that  was  sandwiched 
between  two  0°  plies  of  a  20-ply  50/40/10  laminate. 

3.2.5  Lamina  Mechanical  Properties  -  Lamina  mechanical  property  tests 
were  performed  as  shown  in  the  test  matrix,  Figure  23. 


IM8/3100 

IMeiFMO 

Number  of 

Teste 

CTD 

RTD 

ETW 

CTO 

RTD 

ETW 

0*  Tension 

3 

3 

3 

3 

3 

3 

18 

90*  Tension 

3 

3 

3 

3 

3 

3 

18 

0*  Compression 

e 

6 

6 

6 

6 

6 

36 

±45*  Shear 

3 

3 

3 

3 

3 

3 

18 

Total 

90 

OHUMMr 


Figure  23.  Lamina  Mechanical  Property  Teat  Matrix 
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3.2.5. 1  0°  Tension  Test  Results  -  The  test  specimen  configuration  is 

shown  in  Figure  24.  Figure  25  shows  a  typical  failed  specimen.  Test  data 
are  tabulated  in  Figure  26.  These  test  results  indicate  the  ability  of  the 
BMI  resin  to  transfer  the  strain  capability  of  the  fiber  (16,000  pn/in)  to 
the  composite  laminate. 


-3.00- 


0.50 


-2.50- 


Qrlp  Tabs 
8  Piles  7781  Glass  Fabric 
Bond  With  FM4Q0  Adhesive  / 
Typical  ♦  Pieces— ' 


7 


T 


16  Piles 


omoMsw 


Figure  24.  Unidirectional  0*  Tension  Test  Specimen 
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Figure  25.  Failed  0*  Tensile  Specimen 
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IH6/3100  showed  a  40  percent  loss  in  strength  under  ETV*  conditions.  The 
CTO  and  STD  strengths  of  1N6/3100  were  equal. 

In  the  case  of  1M6/F650*  the  8TD  strength  wee  IS  percent  lower  than  the 
CTO  strength.  The  IH6/F65Q  ETV  strength  was  38  percent  lower  than  the  CTD 
strength.  The  decrease  in  strength  with  increasing  temperature  is  a  reflec¬ 
tion  of  a  decrease  in  load/strain  transfer  capability  of  the  matrix  material. 


3. 2. 5. 2  90°  Tension  Test  Results  -  The  test  specimen  configuration  is 
shown  in  Figure  27.  Figure  28  shows  a  typical  failed  specimen.  Test  data 
are  tabulated  in  Figure  29.  These  test  results  indicate  the  susceptibility 
of  the  resins  to  environmental  degradation.  IM6/3100  showed  gradual  strength 
reduction  with  increasing  temperature.  The  RTD  strength  was  5  percent  less 
than  the  CTD  strength.  The  ETW  strength  was  70  percent  lower  than  the  GTD 
strength. 


Figure  27.  Unidirectional  80°  Tension  Teat  Specimen 
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Figure  28.  Failed  90°  Tensile  Specimen 
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Figure  29.  Unidirectional  90°  Tension  Teal  Results 
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In  contrast  to  IM6/3100,  IM6/F650  showed  maximum  strength  under  RTD 
conditions.  The  CTD  strength  was  32  percent  lower  than  the  RTD  strength. 
Apparently  the  CTD  condition  embrittled  the  F650  resin  resulting  in  fragile 
material  that  was  very  susceptible  to  bending  loads.  One  specimen  of  this 
group  (Spec.  2-4-3)  actually  broke  prior  to  testing  as  it  was  being  position¬ 
ed  into  the  load  frame.  The  ETW  strength  was  88  percent  lower  than  the  RTD 
strength.  This  drastic  strength  reduction  in  IM6/F650  under  ETW  conditions 
correlates  with  the  microcracking  that  occurred  in  wet  IM6/F650  during 
thermal  spike  testing.  As  the  wet  laminates  were  spiked  to  elevated  temper¬ 
atures,  the  matrix  tension  strength  diminished  and  matrix  cracks  formed. 

3. 2. 5. 3  0°  Compression  Test  Results  -  0°  compression  mechanical 
properties  were  determined  using  both  unidirectional  coupons  and  unidirec¬ 
tional  sandwich  beams.  The  0°  compression  coupon  test  specimen  configuration 
is  shown  in  Figure  30.  Two  coupon  configurations  were  used  to  determine 
stiffness  and  strength.  The  configuration  without  tabs  was  instrumented  to 
measure  modulus  and  Poisson's  ratio.  The  tabbed  specimen  was  used  to  deter¬ 
mine  strength.  The  unsupported  specimen  length  was  chosen  so  that  the 
buckling  strength  would  exceed  compression  strength.  Due  to  the  short  gage 
length  these  tabbed  specimens  could  not  be  instrumented. 
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Figure  30.  Unidirectional  0*  Compression  Coupon  Test  Specimen 
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Specimens  were  tested  in  the  loading  fixture  shown  in  Figure  31.  This 
test  fixture  includes  two  vertical  alignment  pins  assuring  loading  directly 
along  the  axis  of  the  specimen  precluding  eccentric  loading  and  premature 
buckling  of  the  specimen.  Blocks  at  the  grip  ends  provided  lateral  support. 
Compression  loading  was  introduced  on  the  ends  of  the  specimen. 


Figure  31.  Compression  Test  Fixture 


Test  data  from  0°  compression  coupon  tests  are  tabulated  in  Figure  32. 
The  results  include  strengths  that  correspond  to  a  variety  of  failure  modes. 
In  addition  to  true  fiber  compression  failures,  there  were  through-the- 
thickness  shear  failures  and  end  failures.  Figure  33  shows  a  typical  0° 
compression  coupon  failure.  The  shear  and  end  failures  were  premature,  and 
did  not  give  a  true  representation  of  the  compressive  capability  of  the  BMI 
systems. 
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Material 

System 

Environment 

Specimen 

Number 

Thickness 

(in.) 

Width 

(in.) 

Failure 

Load 

Failure  Stress 

(ksl) 

Modulus 

(msl) 

Poisson’s 

Ratio 

(lb) 

tnd 

Avg 

Ind 

Avg 

1-4-19 

0.088 

0.503 

22.29 

0.286 

CTD 
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— 
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0.333 

RTD 
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0.345 
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0.332 
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0.090 
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Not*:  Results  normalised  to  83%  liber  volume  fraction  with  a  nominal  ply  thickness  of  .0082  In. 
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Figure  32.  Unidirectional  0*  Compression  Coupon  fast  Raaults 


.30 


GP83-0089-25 


Figure  33.  Failed  0°  Compression  Coupon 


3. 2. 5. 4  0°  Compression  Sandwich  Beam  Test  Results  -  In  order  to  deter¬ 
mine  more  representative  compression  properties,  unidirectional  sandwich  beam 
tests  were  performed.  The  test  specimen  configuration  is  shown  in  Figure  34. 
Figure  35  shows  a  typical  0°  compression  sandwich  beam  failure.  Test  data 
from  0°  compression  sandwich  beam  tests  are  tabulated  in  Figure  36. 


Composite  Skin:  1.00  In.  Wide;  22.0  In.  Long;  6  Plies  Thick 

Metal  Skin:  1,00  in.  Wide;  22.0  In.  Long;  0.125  In.  Thick;  6AI-4V  Annealed  Titanium 

Aluminum  Honeycomb:  1.25  In.  Wide;  22,0  In.  Long;  1.50  In.  Thick 

Data  Reduction: 


(7  = 


P  L 

2  w  t  (C  +  t  +  T) 
2 


Where;  a  =  Uniaxial  Compression  Stress 
P  =  Applied  Load 

w  =  Composite  Skin  Width  (1.00  In.) 
t  =  Nominal  Composite  Skin  Thickness  (6  Plies) 

C  =  Honeycomb  Core  Height  (1,50  In.) 

T  =  Metal  Skin  Thickness  (0.125  in.) 

L  =  Moment  Arm  Between  Applied  Load  and  Reaction  Support  (8.0  in.) 


Qpra-OMMO 


Figure  34.  Unidirectional  0°  Compression  Sandwich  Beam  Test  Arrangement 
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Figure  35.  Failed  0°  Compression  Sandwich  Beam  Specimen 
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0*  in./in.) 

Modulus 

(msi) 

Ind 

Avg 

Ind 

Avg 

Ind 

Avg 

1:0-1 
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0.034 
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0.992 
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Note:  Results  normalised  lo  63%  liber  voHnwIraclion  with  a  nominal  pty  thickness  ol  0062  in. 
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Figure  36.  Unidirectional  0°  Compression  Sandwich  Beam  Test  Results 
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Results  from  these  tests  show  that  as  temperature  and  moisture  content 
increase,  the  0°  compression  strength  decreases.  This  is  due  to  the  de¬ 
creased  fiber  support  of  softened  matrix  material. 

The  RTD  strength  of  IM6/31Q0  was  15  percent  lower  than  its  CTD  strength. 
The  ETW  strength  was  57  percent  lower  than  its  CTD  strength. 

The  compression  strengths  of  IM6/F650  covered  a  wider  range  than  the 
strengths  of  IM6/3100.  IM6/F650  was  stronger  than  IM6/3100  for  CTD  and  RTD 
conditions  and  was  virtually  equal  m  strength  for  ETW  conditions.  The  RTD 
strength  of  IM6/F650  was  3  percent  lower  than  its  CTD  strength.  The  ETW 
strength  was  59  percent  lower  than  its  CTD  strength. 

Five  IM6/F650  sandwich  beam  tests  had  failures  occur  outside  of  the  load 
introduction  points  where  shear  load  exists  in  addition  to  the  compression 
skin  load.  In  the  RTD  cases  where  specimen  2-0-6  failed  inside  the  loading 
points  and  specimens  2-0-4  and  2-0-5  failed  outside  the  loading  points,  there 
is  no  significant  difference  in  compression  strengths.  The  0°  compression 
strengths  obtained  by  sandwich  beam  tests  were  more  representative  of  the 
material  systems'  compression  strengths  and  were  used  to  predict  laminate 
strengths  in  Task  III. 

3. 2. 5. 5  Intralaminar  Shear  Test  Results  -  Intralaminar  shear  mechanical 
behavior  was  evaluated  using  the  ±45°  test  specimen  shown  in  Figure  37. 
Figure  38  shows  a  typical  failed  +45°  shear  specimen.  Test  results  are 
summarized  in  Figure  39.  Complete  shear  stress-strain  curves  for  both  BMI 
systems  are  shown  in  Figures  40  and  41. 

IM6/3100  showed  less  shear  strength  environmental  degradation  than  did 
IM6/F650.  The  RTD  strength  of  IM6/31QQ  was  slightly  less  (3  percent)  than 
the  CTD  strength.  The  ETW  strength  was  18  percent  lower  than  the  CTD 
strength.  The  ETW  strength  reduction  was  accompanied  by  an  ETW  modulus  that 
was  57  percent  lower  than  the  CTD  modulus. 
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Figure  37.  ±  45°  Intralaminar  Shear  Test  Specimen 


GP73-0 343-21 


Figure  36.  Failed  ±  45°  Shear  Specimen 
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Failure  Shair  Stress  Shear  Modulus 


Material 

Pnulrnnmeni 

Specimen 

Thickness 

Width 

(pel) 

Failure  Shear  Strain 

(msi) 

System 

cnvironmoni 

Number 

(in.) 

(in.) 

Ind 

Avg 

(m  ln.7in.) 

Ind 

Avg 

1-5-1 

0.0893 

1.006 

13,140 

16,950 

1.035 

CTD 

1-5-2 

0.09C8 

1.005 

13,570 

13,440 

16,500 

1.021 

1.026 

1-5-3 

0.0902 

1.007 

13,610 

17,700 

1.021 

1-5-4 

0.0901 

1.008 

13,060 

22,370 

0.837 

IM6/31 00 

RTD 

1-5-5 

0.0902 

1.012 

13,020 

13,060 

30,000 

0.770 

0.818 

1-5-6 

0.0909 

1.004 

13,110 

23,200 

0.846 

1-5-7 

0.0900 

1.009 

11,470 

>32,000 

0.524 

ETW 

1-5-8 

0.0901 

1.008 

10,680 

10,960 

>32,000 

0.426 

0.441 

1-5-9 

0.0901 

1.009 

10,720 

>32,000 

0.372 

2-5-1 

0.0870 

1.006 

10,180 

11,480 

1.024 

CTD 

2-5-2 

0.0877 

1.006 

10,470 

10,110 

12,160 

1.039 

1.011 

2-5-3 

0.0876 

1.006 

9,680 

11,120 

0.969 

2-5-4 

0,0873 

1.007 

10,560 

15,120 

0.865 

IM6/F650 

RTQ 

2-5-5 

0.0867 

1.006 

10,390 

10,200 

15,440 

0.864 

0.867 

2-5-6 

0.0865 

1.008 

9,660 

13,180 

0.873 

2-5-7 

0.0863 

1.005 

6,100 

>32,000 

0.375 

ETW 

2-5-8 

0.881 

1.005 

6,100 

5,950 

>32,000 

0.325 

0.339 

2-5-9 

0.0862 

1.005 

5,650 

>32,000 

0.316 

Noli:  Results  normalized  to  63%  liber  volume  friction  with  i  nominal  ply  thickness  ol  .0092  In. 

ohmums 

Figure  39.  Intralaminar  Shaar  Teat  Raaults 
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Figure  41.  IM6/F650  Intralaminar  Shear  Mechanical  Behavior 


The  CTD  strength  and  RTD  strength  of  IM6/F650  were  virtually  equal.  The 
CTD  strength  was  1  percent  lower  than  the  RTD  strength.  The  ETW  strength  of 
the  IM6/F650  was  42  percent  lower  than  the  RTD  strength.  The  ETW  strength 
reduction  was  accompanied  by  an  ETW  modulus  that  was  66  percent  lower  than 
the  CTD  modulus. 

Shear  stress-strain  mechanical  behavior  was  determined  from  measurements 
of  load  versus  longitudinal  and  transverse  strain  using  the  following  rela¬ 
tions  (Reference  2)< 


12  ‘  °x/J('x  ’  Ey> 

(2) 

12  ‘  \n 

(3) 

12  '  Ex  ‘  Ey 

(4) 
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There  are  two  important  approximations  inherent  with  this  test  and  data 
reduction  procedure  (Reference  3).  One  approximation  is  caused  by  the  lack 
of  a  pure  shear  stress  or  strain  state  in  each  ply  of  the  +45°  test  specimen. 
From  test  results,  e.g.,  Figure  42  it  is  shown  that  the  laminate  Poisson's 
ratio  is  not  unity.  Since  the  longitudinal  strain  is  not  quite  equal  to  the 
negative  of  the  transverse  strain,  the  strain  state  in  each  ply  at  45°  to  the 
laminate  axes  is  not  quite  pure  shear.  If  laminate  strains  are  plotted  on  a 
Mohr's  strain  circle,  results  shown  in  Figure  43  are  obtained.  Small  tensile 
strains  exist  in  addition  to  the  relatively  large  shear  strains  in  the 
principal  directions  of  the  lamina.  The  tensile  strains  across  the  trans¬ 
verse  direction  of  the  lamina  result  in  a  slightly  reduced  shear  modulus  and 

# 

contribute  to  laminate  failure. 
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Numbar 
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0.0901 
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1 
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3,580 

2.96 
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0.769 

1,790 

2,1-39 

0.837 

2 

600 
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2.95 

2,418 
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0.769 

3,575 

4.278 

0.835 

3 

900 

10,730 

2.75 

3.720 

2,790 

0.750 

5,365 

6.510 

0.802 

4 

1,200 

14,310 

2.57 

5,115 

3,906 

0.764 

7.155 

9,021 

0713 

5 

1,500 

17.890 

2.26 

6,696 

5,115 

0.764 

8,945 

11,811 

0.642 

6 

2.190 

26.110 

1.44 

12,415 

9.951 

0.801 

13,055 

22.366 

0,389 

QHMHMt 

Figure  42.  Intralaminar  Shear  Taat  Data 
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Figure  43.  Strain  Sfata  in  *  45*  Intralaminar  Shear  Taat  Specimen  - 


The  second  approximation  is  due  to  the  existence  of  large  free  edge 
stresses  in  the  region  near  the  boundary  of  the  +65*  teat  specimen.  Predic¬ 
tions  of  free  edge  stresses  in  +45*  laminates  have  been  discussed  in  the 
literature  (Reference  4).  Results  are  reproduced  in  Figure  44.  Failure  of 
the  +45°  intralaminar  shear  test  specimen  is  influenced  by  damage  growth 
caused  by  these  large  free  edge  stresses.  Damage  growth  is  primarily  a  Node 
II  fracture  due  to  the  interlaminar  shear  stress  state  at  the  laminate  free 
edge.  The  toughness  of  the  XM6/3100  resin  system  inhibits  growth  of  this 
free  edge  damage  and  accounts  for  its  high  shear  strength  relative  to  the 
XM6/F650  strength,  as  measured  using  the  +45*  ‘eat  specimen.  Recognising  the 
limitations  of  the  +45*  test  method  for  measuring  lamina  shear  mechanical 
properties,  lamina  shear  strength  test  results  and  hence  laminate  strength 
predictions  will  in  general  be  conservative. 
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Figure  44*  latertacia)  Sinuses  In  *45*  Inutlarainar Shear Test  Specimen 


,  3. 2.5.6  Comparison  with  Baseline  Material  Systems  -  Figure  45  summer* 

isos  the  lamina  properties  of  IH6/31O0  and  IM6/F650.  The  baseline  material 
*  systems'  lamina  properties  are  also  included. 

3.2.6  Interlaminar  Fracture  Toughness  -  Fracture  toughness  tests  were 
performed  to  determine  critical  strain  energy  release  rates  (from  static 
tests)  and  crack  growth  rates  (from  fatigue  tests)  as  shown  in  the  test 
matrix  in  Figure  46. 
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AS1/3S01-S 

T30/V378A 

IM6/3100 

IM6/F650 

R.T. 

250*F 

R.T. 

250*F 

350°F 

-65*F 

R.T. 

ETWI’I 

-65®F 

R.T. 

ETWW 

0°  Tension 

F'“  (ksi) 

274 

287 

193 

217 

191 

382 

383 

231 

331 

281 

205 

£'  (msi) 

20.8 

20.3 

21.6 

19.9 

20.4 

23.2 

23.0 

22.1 

23.2 

23.4 

22.4 

e'“  (/tin. /in.) 

12,440 

12.735 

9.580 

10,480 

9,570 

15,350 

14,940 

10.080 

12,830 

13.290 

9.330 

90°  Tension 

F'u  (ksi) 

9.5 

9.1 

7.8 

6.3 

5.1 

5.9 

5,6 

1.8 

4.2 

6.3 

0.7 

El,  (msi) 

1.9 

1.6 

1.7 

1.4 

1.3 

1.5 

1.5 

0.P 

1.6 

1.4 

0.7 

e'“  (/tin. /in.) 

5.380 

6,125 

4.760 

4.870 

4,630 

3.850 

3,880 

2.930 

2.740 

4.670 

1.100 

0°  Compression 

F^u  (ksi) 

280 

227 

142 

— 

103 

284 

242 

123 

292 

283 

118 

E‘  (msi) 

18.6 

18.6 

18.6 

- 

23.5 

22.0 

22.3 

23.6 

23.2 

22.9 

22.8 

e'u  (/tin. /in.) 

18.180 

12,965 

8.190 

- 

4,780 

14.330 

11.790 

5.540 

15.110 

14.500 

5.150 

Shear 

F“2  (ksi) 

17.3 

— 

10.4 

— 

8.8 

13.4 

13.1 

11.0 

10.1 

10.2 

6.0 

612  (msi) 

0.85 

- 

0,86 

- 

0.73 

1.03 

0.82 

0.44 

1.01 

0.87 

0.34 

(/tin. /in.) 

69.000 

- 

18.50C 

- 

32.100 

17.050 

25.190 

>32.000 

11.590 

14.580 

>32.000 

NOUS  (1)  EIW  •  360°F  0  71%  MC 
(2)  ETW  -  4I0°F  0  71%  MC 

Figure  45.  Lamina  Property  Comparison:  Baseline  Materiel  Systems  vs 
Second  Generation  BMIs 
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IMS/3TS0 

IMB/F950 

Uualtu  mi 

wwmwpt  m 

Teats 

CTD 

STD 

ETW 

CTO 

HID 

ETW 

Double  Cantilever  Beam 

Static  3 

3 

3 

3 

3 

3 

18 

Fatigue  3 

3 

3 

3 

3 

3 

18 

Cracked  Lap  Shear (a) 

Static  3 

3 

3 

3 

3 

3 

18 

Fatigue  3 

3 

3 

3 

3 

3 

18 

Cracked  Lap  Shear  (b) 

Static  3 

3 

3 

3 

3 

3 

18 

Fatigue  3 

3 

3 

3 

3 

3 

18 

End  Notched  Flexure 

Static  3 

3 

3 

3 

3 

3 

18 

Fatigue  3 

3 

3 

3 

3 

3 

16 

Total 

144 

OHMUW7 


Figure  48.  Intertamlnar  Fracture  Toughness  Teat  Matrix 
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3. 2. 6.1  Specimen  Description  -  Interaction  envelopes  for  strain  energy 
release  rates  of  IM6/3100  and  IM6/F650  were  developed.  The  interaction 
characteristics  were  determined  by  testing  different  specimen  configurations 
that  exhibited  different  mixtures  of  Mode  I  and  Mode  II  fracture.  Double 
cantilever  beam  (DCS)  specimens  were  tested  to  determine  pure  Mode  I  behavior 
(Figure  47).  End  notched  flexure  (ENF)  specimens  were  tested  to  determine 
pure  Mode  II  behavior  (Figure  48).  To  determine  intermediate  points  in  the 
interaction  envelope,  cracked  lap  shear  (CLS)  specimens  were  tested  (Figure 
49). 
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Figure  47.  Double  Cantilever  Beam  (Mode  I)  Future  Toughness  Specimen 
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Flap  Plies 
Strap  Piles 


Figure  49.  Cracked  Up  Sheer  (Mixed  Mode)  Fracture  Toughneaa  Specimen 


By  varying  the  number  of  continuous  and  discontinuous  plies  in  the  CLS 
specimen,  the  proportions  of  Mode  I  and  Mode  II  fracture  can  be  changed.  The 
specimen  identification  scheme  used  in  this  program  was: 

CLS-XY 

X  s  total  number  of  plies 
Y  s  number  of  continuous  plies  . 

The  CLS  configurations  used  in  this  program  were  CLS-63  and  CLS-82.  The 
CLS-63  specimens  exhibited  30  percent  Mode  I  and  70  percent  Mode  II  frac¬ 
ture  behavior.  The  CLS-82  specimens  exhibited  17  percent  Mode  I  and  83 
percent  Mode  II  fracture  behavior.  These  proportions  were  determined  by 
finite  element  analyses  in  the  Navy  program,  "Delamination  Failure  Criteria 
for  Composite  Structures",  (Reference  5).  The  interaction  curves  determined 
by  the  test  results  were  in  the  form  shown  in  Figure  50. 


Plflure  50.  Speolmtns  Required  to  Determine  Fracture  Toughneee  Interaction 
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3. 2. 6. 2  Strain  Energy  Release  Rate  Formulation  -  Critical  strain  energy 
release  rates  were  obtained  from  measurements  of  crack  length,  failure  load, 
deflection,  and  compliance.  The  data  was  used  with  the  following  formula  to 
calculate  the  strain  energy  release  rate  of  the  composite  system. 

G  =  Pi  *  dC  (5) 

2W  da 

In  the  formula,  P  is  the  failure  load,  W  is  the  specimen  width,  and 
dC/da  is  the  change  in  specimen  compliance  with  change  in  crack  length. 

3. 2. 6. 3  Mode  I  Data  Reduction  -  Several  tests  were  performed  on  each 
DCB  specimen.  Displacement  was  applied  to  initiate  crack  growth  in  the 
starter  film  and  increased  until  the  crack  extended  some  distance  from  the 
loading  blocks.  For  each  test  measurement,  displacement  was  applied  to  start 
crack  growth,  and  the  displacement  was  increased  until  the  crack  propagated 
some  arbitrary  distance  along  the  specimen.  Crack  length  measurements  were 
taken  visually  on  the  specimen  edge  with  a  traveling  microscope. 

To  compute  GIC  from  test  results,  the  Compliance  Calibration  Method 

Gjc  -  3A!a1/2W  (6) 

This  relationship  is  obtained  by  describing  C  and  P  by  the  equations, 

c 

C  ■  6/P  »  Aia3  (7) 

P0  -  A28'1  (8) 

C  s  compliance 

Pc  5  critical  load  (to  initiate  crack  growth) 
and  substitution  into  Equation  (5).  The  data  indicated  however,  that  the 
compliance  was  not  a  cubic  function  of  crack  length  (a),  and  critical  load 
was  not  an  inverse  function  of  crack  length.  Typical  data  is  shown  in  Figure 
SI  where  compliance  varies  with  crack  length  to  the  power  of  3.35  and 
critical  load  varies  with  crack  length  to  the  power  of  -0.9695.  In  the 
general  case  Equations  (7)  and  (8)  aret 


C  -  d/P  -  A1aN 

(9) 

P  -  A-a“M 
c  2 

(10) 
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Substitution  of  Equations  (9)  and  (10)  into  Equation  (5)  gives  the  general 
equation: 


GI(,  =  NAX  A2aN‘1_2M/2W  (11) 

For  the  conditions  described  in  Figure  51  Equation  (11)  becomes: 

GIC  =  1.915a0,411  (12) 


Crack  Lenoth  -  In. 

c  a  Ai8N  a  e.QS^IO)"4 

-u  -0J883 

P0  -  A2a  a  40.58  a 
Plgura  Si.  Typical  Moda  I  Taat  Data 
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Equation  (12)  is  in  terms  of  the  experimental  crack  length  referenced  to  the 
applied  load  axis  that  is  0.5  inch  into  the  Teflon  insert  (See  Figure  52).  To 
evaluate  the  effects  of  crack  length  on  apparent  toughness,  GTr,  values  were 
calculated  for  a  =0.5  inch  and  2.5  inch  which  represent  0.0  inch  and  2.0 
inch  of  natural  crack  length,  respectively.  The  relationship  defined  by 
Equation  12  is  shown  in  Figure  53.  For  natural  crack  lengths  of  0.0  inch 
(artificial  crack  length  of  0.5  inch)  and  2.0  inch  the  values  of  GTr,  are  1.44 
and  2.79  respectively.  The  variation  of  GjC  has  been  attributed  to  fiber 
bridging  along  the  natural  crack  surface.  The  effects  of  fiber  bridging  have 
also  been  seen  in  mixed  mode  CLS  specimen  tests.  However,  fiber  bridging 
effects  have  not  be  observed  in  Mode  II  ENF  specimen  tests.  Apparently  fiber 
bridging  affects  the  Mode  I  component  of  toughness  and  not  the  Mode  II 
component.  To  indicate  the  magnitude  of  fiber  bridging  effects  for  various 
conditions,  Gc  values  are  summarized  for  natural  crack  lengths  of  0.0  inch 
(i.e.  no  fiber  bridging)  and  2.0  inches. 


t 


- ■»  Experimental  Crack  Length 


FM4Q0 

Adhesive 


Figure  52.  In  DCB  Specimens  the  Natural  Creek  Length  te  0.5  Inch  Shorter 
Then  the  Experimental  Crack  Length 
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Specimen  1-6*1 


Figure  53.  Mode  I  Toughnwe  Increaeee  With  Ctecfc  Length 


3 .2.6.4  Mixed  Mode  Data  Reduction  -  As  with  Mode  I,  the  mixed  mode 
toughness  varied  with  crack  length.  Similar  efforts  were  made  to  define  the 
variation  in  terms  of  natural  crack  length.  Figure  54  shows  that  for  the  CLS 
specimen  configuration,  the  natural  crack  length  is  1.5  inches  shorter  than 
the  experimental  crack  length. 


1—  Natural  Crack  Length 


— ►  Exparimantat  Crack  length 

1 

■ 

<*-  ’.5—* 

4ft  Art  _ _.l 

Nora:  AH  dimensions  in  Inchaa 


T 

1.00 

JL 


GP834089-47-D 

Figure  54.  m  CLS  Specimens  The  Natural  Crack  Length  Is  1.5  Inches 
Shorter  Than  The  Experimental  Crack  Length 
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Several  tests  were  performed  on  each  CLS  specimen.  Both  critical  load 
and  compliance  as  functions  of  crack  length  were  determined.  Figure  55  shows 
typical  compliance  versus  crack  length  data.  The  data  indicates  that  dC/da 
(the  slope  of  the  plot  in  Figure  55)  is  constant.  To  compute  G_  from  test 

u 

results  the  constant  value  of  dC/da  was  substituted  into  Equation  (5) 
resulting  in. 


P  2 

Gc=  1S_  *  2.094E-06 
c  2W 


(13) 


0  1  2  3  4  S  6  7 


Crack  Length,  a,  tnchta 


oroaxMM) 


Figure  S3.  Mixed  Mode  Compliance  Varies  Linearly  With  Creek  Length 
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Figure  56  shows  that  critical  load  varied  with  crack  length.  Using  the 
critical  load  vs.  crack  length  data  from  Figure  56  and  Equation  (13),  as  a 
function  of  crack  length  was  determined  as  shown  in  Figure  57.  For  natural 
crack  lengths  of  0.0  inch  (experimental  crack  length  of  1.5  inch)  and  2.0 
inch  the  values  of  are  1.31  and  1.67  respectively.  This  variation  has 
been  attributed  to  the  effects  of  fiber  bridging  on  the  opening  mode  of  CLS 
specimens. 


Specimen  1-8-2 


Cuds  Length,  a.  in.  wumum 

Figure  58.  Critical  Load  ol  Mixed  Mode  Specimen  Vertex  With  Creek  Length 
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Specimen  1-8-2 


Flgur*  57.  Mixed  Mod*  Toughn***  Varies  With  Crack  Length 


3. 2. 6. 5  Mode  IX  Pete  Reduction  -  ENF  specimen*  exhibited  no  Mode  I 
(opening)  behavior  which  is  appropriate  for  this  type  of  specimen.  It  was 
discovered  that  the  lack  of  opening  prevented  crack  length  measurement  once 
the  crack  started  to  grow  from  the  Teflon  tip.  To  solve  this  problem, 
compliance  vs.  crack  length  functions  ware  experimentally  determined  for  each 
specimen  prior  to  performing  several  fracture  toughness  tests  on  each  speci¬ 
men.  The  crack  (Teflon)  tip  of  the  undamaged  specimen  was  visible  through 
microscopic  observation.  Compliance  scans  were  done  by  loading  the  ENF 
specimen  to  subcritical  levels,  unloading  the  specimen,  and  repositioning  the 
crack  tip  (simulated  by  a  Teflon  insert)  to  establish  various  crack  lengths. 
Crack  length  could  then  be  defined  through  compliance  measurements. 
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In  contrast  to  Mode  I  and  Mixed  Mode  tests.  Mode  II  tests  showed  that 
crack  length  did  not  affect  the  measured  value  of  critical  strain  energy 
release  rate.  To  calculate  G.^  the  following  formulation  was  used.  The 
compliance  is  given  by  beam  theory  as: 

C  *  2L3  +  3a3  (14) 

8Ebh3 

where, 

L  =  half -span  (2.0  inch) 
a  =  crack  length 
E  =  Modulus 
b  s  width 

h  =  specimen  half-thickness 

This  definition  of  compliance  in  turn  defines: 

dC/da  «  _i» L-  (15) 

8Ebh3 

3 

Solving  Equation  (14)  for  the  quantity  8Bbh  ,  and  substituting  into  Equation 
(15),  gives: 

dC/da  -  -Ji&L  (16) 

ZL^a3 


Substitution  of  Equation  (16)  into  Equation  (5)  gives  the  final  formula  for 
Gj  as : 


Gnc  - 


9Peza2C 

2b  *  (2L3  +  3a3) 


(17) 


This  formulation  has  been  reported  previously  by  Russel  and  Street  (Reference 
7). 
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To  determine  Mode  II  fracture  toughness ,  each  ENF  specimen  was  loaded  in 
3-point  bending  to  the  critical  load  level  where  the  crack  grew  to  the 
midspan  location  and  stopped.  During  the  loading  event,  compliance  data  was 
recorded.  The  previously  determined  compliance  vs.  crack  length  relationship 
was  then  used  to  determine  the  crack  length  corresponding  to  the  measured 
compliance.  The  critical  load,  compliance,  crack  length,  specimen  width,  and 
half -span  length  were  then  entered  in  Equation  (17)  to  calculate  After 
each  loading,  the  specimen  was  repositioned  with  the  crack  tip  away  from  the 
midspan  location.  The  loading  and  repositioning  process  was  repeated  several 
times  to  obtain  multiple  fracture  toughness  values  from  each  specimen.  The 
values  were  averaged  to  define  the  specimen  fracture  toughness.  Typical  test 
results  are  shown  in  Figure  58. 
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3. 2. 6. 6  Static  Test  Summary  -  The  critical  strain  energy  release  rate 
data  are  tabulated  in  Figures  59  through  61.  The  data  has  been  separated  by 
environment.  Each  table  includes  data  for  all  four  specimen  types  (DCB, 
CLS-63,  CLS-82,  and  ENF).  Data  is  reported  for  natural  crack  lengths  of  0,0 
inch  and  2.0  inch  to  indicate  the  effectiveness  of  fiber  bridging  on  measured 
fracture  toughness.  Note  that  for  ENF  specimens  the  toughness  average  is  a 
weighted  average  of  specimen  averages.  The  number  of  tests  performed  on  each 
ENF  specimen  is  included  in  parentheses  after  the  data. 


Fracture  Toughness  Test  Results 
CTD  Conditions 
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Figure  58.  Critical  Strain  Energy  Release  Rate*  tor  CTO  Conditions 


Fracture  Toughness  Test  Results 
RTD  Conditions 


■  Material 

Specimen 

Type 

Specimen 

Number 
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Figure  60.  Critical  Strain  Energy  Reieaae  Rate*  tor  RTD  Conditions 
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Fracture  Toughness  Test  Results 
ETW  Conditions 


k 
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Material 
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0.85 
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.  - - ..  _  _ _ _ _ 
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Figure  61.  Critical  Strain  Energy  Reisses  Rates  tor  ETW  Conditions 
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The  average  values  tabulated  in  Figures  59  through  61  are  plotted  in 
Figures  62  through  64.  Each  figure  shows  a  comparison  of  both  IM6/3100  and 
IM6/F650  interaction  envelopes  at  a  single  environment. 

The  test  data  indicates  that  the  fracture  toughness  interaction  bound¬ 
aries  are  more  accurately  defined  by  a  function  that  is  linear  on  stress 
rather  than  linear  on  strain  energy  release  rate.  The  stress  based  bound¬ 
aries  are  defined  as  the  sum  of  the  square  roots  of  Mode  I  and  Mode  II 
fractional  components,  set  equal  to  unity  (see  Eq.  (18)). 


The  test  results  show  that  Mode  I  fracture  toughness  of  both  material 
systems  increases  with  crack  length.  As  mentioned  previously,  this  increase 
has  been  attributed  to  fiber  bridging  of  the  fracture  surface.  As  the  crack 
grows,  more  fracture  surface  develops  and  more  fiber  bridging  occurs,  raising 
the  load  and  energy  required  to  grow  the  crack  further.  In  Figures  62 
through  64  the  interaction  boundaries  are  shown  for  initial  toughness  values 
(crack  length  «*  0.0  inch)  and  a  subsequent  toughness  value  (crack  length  ■ 
2.0  inch).  In  all  cases  the  Mode  I  components  of  toughness  increase  with 
crack  length  resulting  in  an  expansion  of  the  interaction  boundary.  Note 
that  the  pure  Mode  II  results  were  independent  of  crack'  length. 

Figure  62  shows  the  interaction  boundaries  for  IM6/3100  and  IM6/F6S0  at 
CTD  conditions.  The  IM6/3100  is  generally  tougher  than  the  1M6/F650.  The 
Mode  I  toughness  of  IM6/3100  increased  by  a  factor  of  1.5  with  2  inches  of 
crack  growth  and  the  XM6/F650  Mode  I  toughness  increased  by  a  factor  of  2. 

Figure  63  shows  the  interaction  boundaries  for  IM6/3100  and  IM6/F650  at 
RTD  conditions.  The  IM6/3100  is  again  generally  tougher  than  the  IM6/F650. 
The  Mode  I  toughness  of  IM6/310D  increased  by  a  factor  of  2.5  with  2  inches 
of  crack  growth  and  the  1H6/F650  Mode  I  toughness  increased  by  a  factor  of  3. 
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IM8/3100  CTD  Condition® 
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IM8/F660  RTD  Conditions 


|ui«  63.  Fracture  Toughness  Interaction  Envelopes  (or  RTO  Conditions 
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Figure  64  shows  the  interaction  boundaries  for  IM6/3100  and  IM6/F650  at 
ETW  conditions.  Again  the  IM6/3100  is  generally  tougher  than  the  IM6/F650. 
The  data  indicates  that  the  IM6/31C3  at  ETW  conditions  is  just  as  tough  as  at 
RTD  conditions  and  tougher  than  at  CTD  conditions.  In  contrast,  the 
IM6/F650  at  ETW  conditions  is  less  tough  than  at  either  CTD  or  RTD  condi¬ 
tions. 

Figure  65  shows  a  comparison  of  second  generation  BMI  toughness  and 
baseline  material  toughness.  IM6/3100  is  generally  tougher  than  the  baseline 
systems  while  IM6/F650  is  generally  not  as  tough. 

3. 2.6. 7  Fatigue  Test  Summary  -  Crack  growth  characteristics  were 
determined  for  both  material  systems  at  CTD,  RTD  and  ETW  conditions.  Fatigue 
tests  were  performed  with  compliance  measurements  recorded  between  cycle 
blocks  for  each  specimen.  Tests  were  run  under  displacement  control  so  that 
stable  crack  growth  occurred.  The  minimum  and  maximum  displacements  were 
held  constant  during  fatigue  testing,  resulting  in  a  decrease  in  load  (and 
energy)  as  the  crack  propagated  in  the  specimen. 

Fatigue  data  is  presented  as  crack  growth  (da/dn  vs.  AG)  plots.  Change 
in  crack  length  (da)  was  determined  by  evaluating  the  compliance  of  each 
specimen  before  and  after  each  block  of  a  specified  number  (dn)  of  fatigue 
cycles.  Then  compliances  were  translated  into  crack  lengths  through  com¬ 
pliance  vs.  crack  length  relationships.  In  cases  where  it  was  possible  to 
determine  the  compliance  vs.  crack  length  function  for  a  specimen  without 
affecting  its  fatigue  response,  compliance  surveys  were  run  on  each  specimen 
prior  to  testing.  This  was  possible  for  8NF  specimens  under  dry  (CTD  &  RTD) 
conditions.  In  all  other  cases,  the  compliance  vs.  crack  length  functions 
were  determined  from  static  tests  of  other  specimens,  under  the  same 
environmental  conditions.  A  summary  of  the  compliance  vs.  crack  length 
relationships  is  shown  in  Figure  66.  The  change  in  crack  length  divided  by 
dn  fatigue  cycles  in  that  block  gives  the  crack  growth  rate,  da/dn. 
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Figure  65.  Fracture  Toughness  Comparison:  Baseline 
Material  System  vs  Second  Generation  BMIs 
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Figure  66.  Compliance  vs  Crack  Length  Parameters 
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The  variation  in  strain  energy  release  rate  (AG)  during  cycling  was 
calculated  with  the  equation: 


where. 


AG  = 


2 

ZE§an  *  (1  .  R2)  *  ££ 

2W  u  K  '  Aa 


(19) 


Pmean  =  average  of  initial  and  final  maximum  cyclic  loads 
for  each  block 

W  =  specimen  width  (1.0  inch) 

R  s  fatigue  ratio  (0.1) 

AC  s  difference  in  compliance  before  and  after  each  block 
Aa  =  difference  in  crack  lengths  corresponding  to 
compliances  that  determine  AC 

Each  block  of  fatigue  cycling  then  produced  a  da/dn  and  AG  data  pair. 
The  data  for  each  specimen  was  then  plotted  on  log-log  scales  to  determine  a 
crack  growth  curve  in  the  form, 

da/dn  -  D  *  <AG)K  (20) 

for  each  specimen.  A  summary  of  the  0  and  K  parameters  for  each  test  condi¬ 
tion  is  shown  in  Figure  67.  Each  test  condition  included  a  replication  of 
three  specimens.  The  values  of  D  and  K  (shown  in  Figure  67)  are  averages  of 
the  three  replications  and  were  used  to  plot  a  crack  growth  curve  through  all 
the  data  generated  by  the  three  specimens  at  each  condition.  The  plots  for 
each  of  24  test  conditions  (i.  e.  combinations  of  2  materials  *  4  specimen 
types  6  3  environments)  are  shown  in  the  Appendix  volume  of  this  report. 
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Flyura  07.  Crack  Growth  Paramsiais 


Interpretation  of  the  crack  growth  curves  involves  observation  of  two 
characteristics  of  each  curve*  The  first  is  the  location  of  the  lower  end 
{i.o.  low  crack  growth  rates)  of  e*^h  curve.  Threshold  strain  energy  release 
rate  increases  as  the  lower  end  of  the  curve  moves  to  the  right,  to  higher 
energy  conditions.  Systems  with  higher  thresholds  resist  crack  growth  until 
relatively  high  strain  energy  release  rates  are  developed.  Another  way  of 
identifying  the  relative  locations  of  the  lower  end  of  various  curves  is  to 
observe  the  intercept  value  of  each  curve.  The  intercept  value  (the  D 
parameter  in  Equation  (20))  defines  the  crack  growth  rate  of  each  condition 
for  a  AG  value  equal  to  i.  Tougher  systems  will  have  lower  intercept  crack 
growth  rate  values. 
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The  second  characteristic  to  be  observed  is  the  slope  of  the  curve  (the 
K  parameter  in  Equation  (20)).  As  the  slope  of  the  curve  decreases,  the 
ductility  increases.  A  relatively  shallow  slope  indicates  a  gradual  increase 
in  crack  growth  rate  with  an  increase  in  strain  energy  release  rate.  In 
contrast,  a  steep  slope  represents  a  more  rapid  increase  in  crack  growth  rate 
as  strain  energy  release  rate  increases.  In  the  limiting  case  of  a  vertical 
da/dn  vs.  AG  curve,  the  system  would  exhibit  no  crack  growth  until  the 
critical  energy  level  was  established.  At  that  level,  failure  would  occur 
instantaneously  without  warning,  in  terms  of  crack  initiation  and  growth. 

Figure  67  shows  the  crack  growth  parameters  for  both  systems.  IM6/3100 
was  generally  tougher  than  IM6/F650.  The  superior  toughness  of  IM6/3100  was 
previously  shown  in  static  fracture  toughness  test  results. 

Under  RTD  and  CTD  conditions,  mixed  mode  crack  growth  rate  intercept 
values  are  two  to  three  orders  of  magnitude  higher  than  Mode  I  or  Mode  II 
intercepts  as  evidenced  by  the  values  reported  in  Figure  67.  Of  the  two 
mixed  mode  configurations  tested,  the  mixture  exhibiting  the  greater  Mode  II 
component  (CLS-82)  generally  exhibited  the  higher  crack  growth  rate  intercept 
value.  The  critical  mode  of  crack  growth,  for  RTD  and  CTD  conditions,  was 
the  mixed  mode  with  83  percent  Mode  II,  behavior  as  compared  to  the  mixed 
mode  with  70  percent  Mode  II  behavior. 

In  contrast,  under  ETW  conditions,  Mode  I  crack  growth  appears  to  be  the 
critical  mode  for  IM6/3100.  Whereas  the  mixed  mode  intercept  values  were 
greatest  under  CTD  and  RTD  conditions,  the  Mode  I  intercept  was  greatest 
under  ETW  conditions.  IM6/F6S0  showed  significant  degradation  for  all 
configurations  tested  at  ETW  conditions. 

Another  interesting  result  of  ETW  crack  growth  testing  is  the  behavior 

of  1M6/F6S0  during  Mode  II  testing.  During  these  tests  it  was  found  that  the 

da/dn  vs.  AG  curve  was  vertical.  Under  ETW  conditions  the  F650  resin  v*s 

weakened  resulting  in  unstable  crack  growth  at  the  critical  AG  level.  The 

2 

critical  value  of  AG  (1.47  in- lbs/ in  )  was  included  as  a  note  in  Figure  67. 
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3. 2. 6. 8  Fractographic  Investigation  -  The  fracture  surfaces  of  static 
and  fatigue  fracture  toughness  specimens  were  investigated  to  determine 
environmental  and  fracture  mode  effects  on  the  failure  process.  Results  from 
the  investigation  have  been  compared  with  results  from  similar  investigations 
of  the  baseline  materials  (AS1/3501-6  and  T300/V378A).  The  baseline  mater¬ 
ials  were  investigated  by  Law  and  Wilkins  (Reference  5).  These  observations 
might  be  used  to  qualitatively  evaluate  the  type  of  fracture  that  occurred  in 
a  failed  structure. 

As  temperature  and  moisture  content  increased,  the  matrix  material 
weakened.  The  weakened  material  provided  less  fiber  support,  allowing  fibers 
to  be  pulled  out  of  the  surface  and  broken.  In  addition,  the  weakened  matrix 
exhibited  more  ductility,  resulting  in  a  rougher  fracture  surface  than  in  the 
case  of  colder,  drier  conditions.  Both  broken  fibers  and  roughness  due  to 
ductility  cause  the  surfaces  to  be  more  dull.  This  effect  is  shown  in  Figure 
68  where  the  dullness  of  the  Node  I  static  specimen  surfaces  increases  as 
conditions  vary  from  CTD  to  ETW.  Figure  68  also  shows  that  under  all  three 
environmental  conditions  the  IM6/F650  specimens  experienced  more  fiber 
pullout  than  the  IM6/310Q  specimens,  and  therefore  are  more  dull.  This 
variation  in  surface  appearance  with  environment  has  also  been  documented  for 
AS1/3501-6  and  T300/V378A  (Reference  5). 

The  effects  of  crack  growth  rate  have  also  been  recorded.  Figure  69 
shows  mixed  mode  (CLS-63)  RTD  fracture  surfaces  for  both  systems  at  two  crack 
growth  rates.  For  IH6/31Q0,  increasing  the  crack  growth  rate  decreases  the 
density  of  surface  features.  In  contrast,  for  XM6/F650  the  crack  growth  rate 
does  not  appear  to  affect  the  density  of  surface  features. 

Hie  fracture  mode  effects  can  be  seen  in  Figures  70  and  71,  In  Figure 
70  the  variation  in  the  XN6/3100  fracture  surface  is  shown  as  the  proportion 
of  Mode  II  fracture  increases.  The  DCB  specimen  exhibits  broken  fibers  that 
are  expected  from  pullout  during  out-of -plane  loading.  The  surface  of  the 
CLS-63  specimen  (70  percent  Mode  II)  shows  hackles  and  ridges  formed  by 
resolved  tension  stresses  in  shear  strain  fields  created  in  mixed  mode  and 
Mode  II  specimens  (Reference  5).  The  surface  of  the  CLS-82  specimen  (83 
percent  Mode  II)  and  the  ENP  specimen  (100  percent  Mode  II)  also  show  ridges 
and  hackles,  but  not  to  the  extent  shown  in  the  CLS-63  surface. 
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Figure  69.  Effects  of  Crack  Growth  Rale  on  Surface  Appearance 
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Figure  70.  Variation  in  IM6/3100  Fracture  Surface  Due  to 
Variation  in  Fracture  Mode 
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In  Figure  71  the  variation  in  the  IM6/F650  fracture  surface  is  shown. 
In  contrast  to  IH6/3100,  which  showed  the  most  roughness  in  the  CLS-63 
configuration,  IM6/F650  surfaces  gradually  increase  in  roughness  as  the 
proportion  of  Mode  II  fracture  increases.  Beginning  with  the  DCB  configura¬ 
tion,  missing  fibers  due  to  fiber  pullout  are  apparent.  Progressing  to  the 
CLS-63  surface,  hackles  and  ridges  are  exhibited.  Finally  the  CLS-82  and  ENF 
surfaces  exhibit  the  most  roughness. 

The  susceptibility  to  fiber/resin  interfacial  failure  is  seen  in  Figure 
72.  The  fractographs  are  from  CLS-82  specimens,  which  produce  only  17 
percent  Mode  I  behavior.  Even  this  relatively  small  amount  of  pullout 
behavior  causes  clean  fiber/resin  separation  in  IM6/F650  when  conditions  are 
changed  from  RTD  to  ETW.  In  contrast,  the  IM6/31Q0  did  not  show  this  ten¬ 
dency  as  obviously  as  did  IM6/F65Q. 
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Figure  72.  ETW  Conditions  Produce  Cleaner  Fiber  Pullout 
in  IM6/F650  Than  in  IM6/3100 
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SECTION  4. 


TASK  III:  LAMINATE  STRUCTURAL  CHARACTERIZATION 


4.1  Summary  and  Conclusions  -  IM6/3100  and  IM6/F650  were  tested  to  determine 
unnotched  laminate  strengths,  notched  strengths  and  fatigue  lives,  loaded 
hole  (bearing)  strengths  and  fatigue  lives,  and  low-velocity  impact  damage 
tolerance.  Low-velocity  impact  tests  were  performed  to  evaluate  the  non- 
visible  damage  threshold,  thin  laminate  damage  behavior,  and  visible  damage 
energy  levels  of  both  systems. 

Unnotched  laminate  tests  showed  that  IM6/3100  had  the  greatest  proper¬ 
ties  under  CTD  conditions.  IM6/F650,  on  the  other  hand,  showed  the  greatest 
properties  under  RTD  conditions.  Classical  lamination  theory  accurately 
predicted  laminate  moduli.  Laminate  strength  predictions  for  50/40/10  layups 
were  made  using  Tsai-Hill  and  maximum  stress  failure  criteria.  Tsai-Hill 
predictions  were  generally  conservative  while  maximum  stress  predictions  were 
generally  unconservative.  Strength  predictions  of  10/80/10  laminates  were 
generally  conservative.  This  was  attributed  to  the  conservative  shear 
strength  values  determined  in  Task  II  lamina  property  tests. 

Unloaded  hole  static  strength  tests  showed  that  the  notched  tensile 
strength  degradation  (from  unnotched  strengths)  of  IM6/3100  was  approximately 
40  percent  and  that  of  IM6/F650  was  approximately  30  percent.  The  notched 
compression  strengths  of  both  materials  showed  30  percent  to  40  percent 
degradation  at  CTD  and  RTD  conditions.  Under  ETW  conditions,  the  notched 
compression  strengths  of  both  systems  were  less  than  half  the  unnotched 
compression  strengths. 

Unloaded  hole  fatigue  testing  showed  that  for  IM6/3100  compression-only 
(R  »  10)  cycling  produced  longer  fatigue  lives  than  reversed  (R  *  -1) 
cycling.  It  was  hypothesized  that  IM6/3100  fatigue  behavior  is  controlled  by 
matrix  cracking.  IM6/F650  showed  no  R  ratio  effect.  It  was  hypothesized 
that  IM6/F650  fatigue  behavior  is  controlled  by  delamination  growth.  ETW 
fatigue  test  results  indicated  that  the  specimens  dried  due  to  the  relatively 


high  diffusivity  of  BMIs  (compared  to  epoxies).  The  data  showed  large 
scatter  because  as  specimens  dried,  they  were  strengthened  and  lasted  longer, 
increasing  the  opportunity  for  further  drying  and  even  further  life  exten¬ 
sion. 


Loaded  hole  static  (bearing)  strength  test  results  showed  that  the 
bearing  strength  of  both  systems  gradually  decreased  with  increasing  tempera¬ 
ture  and  moisture  content.  The  ETW  bearing  strength  of  IM6/3100  was  62 
percent  of  its  CTD  strength.  The  ETW  bearing  strength  of  IM6/F650  was  49 
percent  of  its  CTD  strength. 

Loaded  hole  fatigue  testing  was  performed  to  determine  the  fatigue  life 
to  0.02  inch  hole  elongation.  The  systems  were  compared  on  the  basis  of  the 
stress  level  corresponding  to  a  fatigue  life  of  10,000  cycles.  Under  ETW 
conditions,  IM6/3100  must  be  cycled  at  79  percent  (55  ksi  vs  70  ksi)  of  the 
stress  level  required  for  a  10,000  cycle  life  at  RTD  conditions.  The  corres¬ 
ponding  value  for  IM6/F650  was  75  percent  (45  ksi  vs  60  ksi). 

Low-velocity  impact  tests  determined  that  the  maximum  non-visible  damage 
energy  threshold  of  IM6/F650  was  consistently  lower  than  that  of  IM6/3100. 
The  residual  compression  strength  of  IM6/F650  in  the  non-visible  damage 
condition  was  also  consistently  lower  than  that  of  IM6/3100. 

Visible  impact  damage  tests  showed  that  the  impact  energy/dent  depth 
relationships  of  IM6/3100  and  IM6/F650  were  similar.  Residual  compression 
strength  data  showed  that  after  visible  damage  was  produced,  IM6/3100  was 
stronger  than  IM6/F650. 

Thin  laminate  impact  damage  testing  also  showed  that  the  residual 
compression  strength  of  IM6/3100  was  greater  than  that  of  IM6/F650. 

4.2  Testing  and  Evaluation  -  The  objective  of  the  test  program  was  to 
characterize  the  laminate  structural  performance  of  IM6/3100  and  IM6/F650. 

4.2.1  Overview  -  In  this  program,  318  static  tests  and  186  fatigue 
tests  were  performed  under  cold  temperature  dry  (CTD),  room  temperature  dry 
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(RTD),  and  elevated  temperature  wet  (ETW)  conditions.  The  tests  were  con 
ducted  to  determine: 

o  unnotched  laminate  strength 

o  unloaded  hole  static  strength 

o  unloaded  hole  fatigue  life 

o  loaded  hole  static  strength 

o  loaded  hole  fatigue  life 

o  threshold  energy  for  non-visible  impact  damage 
o  thin  laminate  impact  response 

o  energy  level  for  visible  (0.1  inch  dent)  impact  damage 

o  residual  compression  strength  after  impact 

as  summarized  in  Figure  73. 


Test  Types 

Number  ol 

Teste 

Unnotched 

48 

Unloaded  Hole  (Static) 

38 

Unloaded  Hole  (Fatigue) 

130 

Loaded  Hole  (Static) 

18 

Loaded  Hole  (Fatigue) 

58 

Non-Vlslble  Impact  Damage  Threshold 

72 

Thin  Laminate  Impact  Damage 

72 

Visible  Impact  Damage 

72 

Total 

604 

emaiMi 


Figure  73.  Task  III  Teat  Matrix 


Both  fiber  and  matrix  dominated  layups  were  used  in  Task  Ill  testing. 
Laminate  stacking  sequences  were: 

50/40/10  [+45/0/-45/0/90/0/+45/0/-45/0] 

ns 

10/80/10  [  +45/ -45/  +45/ -45/ 90/  +45/ -45/ 0/4*45/ -45 )  „ 

ns 

where  the  integer  n  takes  the  values  of  1,  2,  or  4  depending  on  the  thickness 
of  the  laminate. 
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For  thin  laminate  impact  tests  the  stacking  sequences  were: 


0/100/0  [+45/ -45] 

ns 

50/0/50  [0/90] 

ns 

where  the  integer  n  takes  the  value  of  1,  2,  or  3  depending  on  the  thickness 
of  the  laminate. 

The  following  sections  describe  test  results  and  correlation  of  anal¬ 
ytical  predictions  with  test  results. 

4.2.2  Unnotched  Laminate  Static  Testing  -  Unnotched  laminate  mechanical 
property  tests  were  performed  to  determine  the  undamaged  strength  and  stiff¬ 
ness  of  fiber  dominated  and  matrix  dominated  BMX  laminates.  Tension  and 
compression  tests  were  performed  in  CTD,  RTD,  and  ETW  environments  as  shown 
in  the  test  matrix  in  Figure  74.  The  cold  temperature  for  CTD  testing  was 
-65°F.  For  IM6/3100  the  ETW  conditions  were  360°F  and  0.71  percent  (by 
weight)  moisture  content.  For  IM6/F650  the  ETW  conditions  were  410°F  and  0.71 
percent  moisture  content. 


UatfbiB 

BaulieaMaai 

uvfwwmm 

Number  ol 

TmU  Nr  Madrid 

Spuclmin  Type 

Layup 

Static 

HI 

cto  jitd 

ETW 
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50/40/10 
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*<» 

3 

T 

✓ 

3 

r 

* 

3 

c 

* 

3 

c 

* 

3 

c 

3 

10/80/10 

c 

* 

3 

c 

L   . . ....  

3 

NoM. 

(I)  I  -  Timwi 
C  -  Comprtuion 
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Figure  74.  Unnotched  Laminate  Static  Teat  Matrix 
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4. 2. 2.1  Test  Results  -  The  test  specimen  configurations  are  shown  in 
Figure  75.  Figure  76  shows  a  typical  failed  tension  specimen.  A  failed 
compression  specimen  is  shown  in  Figure  77.  The  data  for  unnotched  laminate 
tension  and  compression  tests  are  tabulated  in  Figures  78  and  79  respec¬ 
tively. 


10.00 


•6.00 


a)  Unnotched  laminate;  Tension  Specimen 


% 


b)  Unnotched  Laminate;  Compassion  Specimen 

Non:  All  dimtnttiont  «<•  in  inch**, 


Figure  75.  Unnotchnd  Static  Test  Specimens 
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Figure  76.  Failed  Unnotched  Tension  Specimen 
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Material 

Uyup 

SpMimm 

TbkkMU 

Widtti 

Fiium 

Systim 

Numb* 

(In.) 

(In.) 

(lb) 

1M6/31QQ  50/40/10  1- 

1- 

2- 

IM6/F65Q  50/40/10  2- 

2- 


IU6/3100  50/40/10  1- 

V 

M0A-1  0.2169 

IU6/F650  50/40/10  M0A-2  0.2168 

2-10A-3  0.2194 


1146/3100  50/40/10  !• 

1* 

2- 

1M6/F6SO  50/40/10  2 

2- 


CaM  TMpmtun  Dry 


61.400 

195.5 

65.000 

207.1 

207.8 

69.300 

.220.8 

59.000 

167.9 

56.900 

181.2 

164.0 

57.400 

162.9 

Mom  T Mipin  tart  Ory 

60.500 

192.6 

64.000 

203.6 

201.0 

64.700 

206.3 

57.700 

163.6 

59.400 

189.2 

192.2 

63.900 

203.6 

ttwtM  TMfantwv  Wit 


1.510 

1.509 

53.600 

1.510 

57.100 

1508 

S7.4« 

1.501 

60.400 

1.509 

61.100 

14.270 

ms 

BIZI 

13.73 

m 

14.09 

in 

13.57 

HI 

13.220 

13.75 

>3.63 

0  403 

14.16 

0418 

180.1  14.220  14.060  13.39 

14.100  13.22 


0501 

13.04 

0.488 

0.500 

0463 

13.04 

0,455 

0.4*1 

«mwM 


Figur*  78,  Unnotctwd  Uunlnato  Ttrulon  Strang  th  Dal* 
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Material 

System 

Layup 

Spaclmin 

Number 

TMcknm 

(in.) 

Width 

(In.) 

FaHun 

load 

(H»! 

Failure  Strut 
(W) 

tnd  Amiga 

FaVuri  Strain 
(jtto./ln.) 
tnd  Avtragt 

Madukis 

(mil) 

Ind  Amiga 

POJJMR'S 

RaDa 

Caid  Tamparitura  Dry 

1-106-4 

0.2268 

i.506 

43.050 

137.4 

12,300 

13.03 

_ 

IM6/3100 

50/40/ tO 

MOB-5 

0  2261 

1.505 

48.320 

154.4 

143.7 

13.900 

12.700 

13.42 

13.29 

— 

MOB-6 

0.2274 

1.500 

43.430 

139.4 

11.900 

13.41 

— 

2-108-4 

0.2213 

1.524 

30.830 

97.3 

9.850 

12.88 

0.273 

i(46/Ff'-0 

50/40/ <0 

2-108-5 

0,2206 

1.526 

31,040 

97.8 

111.1 

8.250 

10.330 

13.35 

13.12 

0.258 

2-108-6 

0.2205 

1.512 

43.480 

138.3 

12.900 

13.14 

0.293 

8mm  Ttapt/itura  Dry 

1-10B-1 

0.2266 

1.507 

35.570 

113.5 

10.020 

1227 

0.394 

IM6/31QO 

50/40/10 

1-108-2 

0  2278 

1  508 

41,830 

133.4 

1234 

M.400 

10.770 

12.33 

12.40 

0.360 

1-108-3 

0.2285 

1.507 

38,840 

123.3 

10.900 

12.61 

0.365 

1-11-1 

0  2242 

1.480 

21.410 

69.5 

15.720 

5/27 

9  552 

10/60/10 

Mi-2 

0.2253 

1  471 

21.380 

69.9 

70.3 

15.690 

16.010 

5.33 

5.2? 

0.538 

1-11-3 

0.2241 

1  491 

22.  '.W 

71.6  , 

16.420 

5.21 

0  521 

2-100-t 

0.2206 

1.506 

43,380 

138.5 

13.580 

12  13 

0  340 

tU6/f650 

S0/4U/1C 

2-108-2 

0  2210 

1  503 

42.180 

134.9 

1J7.1 

12.950 

13.110 

12.42 

12,39 

0  354 

2-108-3 

0.2221 

1  305 

43.160 

137.9 

12.810 

12.61 

0  398 

2-1M 

02149 

1.504 

18.660 

59.6 

13.440 

5.17 

0  522 

U4&/F630 

10/80/10 

Ml-2 

0.2153 

1.503 

19.870 

63.6 

61.1 

14.630 

13.880 

516 

5.16 

0.499 

2-11-3 

0215/ 

1.506 

10.780 

60.0 

13.560 

5.16 

0.496 

GmM  ftm firttw*  Wt) 

MOB? 

0  2268 

l  496 

30.780 

98.9 

13,39 

0.417 

1U6/3109 

50/40/10 

MOB-8 

0.2258 

1.506 

36.800 

117.5 

107.3 

10.400 

9,660 

1339 

13.31 

0  440 

1-100-9 

02253 

1504 

33,010 

105.5 

8.910 

1315 

0417 

1-11-4 

0  2231 

)  497 

15.050 

483 

12.015 

4  91 

0.530 

mmm 

10/80/10 

MI-5 

0  2237 

1  497 

-21.090 

67? 

54.2 

14.085 , 

12.950 

5  21 

3,i6 

05O8 

i-11-O 

0  2245 

1  500 

14,570 

46.7 

12.760 

5.36 

0.559 

2-1O0-? 

0.2215 

1  510 

— 

— 

— 

— 

— 

1U6/F650 

50/40/10 

2-108-8 

0  2210 

1509 

31.590 

100.6 

103.6 

6.640 

6,620 

13.11 

13.10 

0386 

2-108-9 

0  2200 

1.506 

33.390 

106.6 

9.000 

13.C« 

0  384 

2-11-4 

0  2156 

1  506 

14.880 

475 

11.200 

4M 

0  332 

1.M6/T650 

10/00/10 

MIS 

02152 

1.504 

14.860 

47.5 

459 

— 

11.400 

48? 

4.88 

0  522 

2-11-8 

0.2)60 

1  504 

13.320 

42  6 

11.610 

4  94 

0536 

amtuut 


Figura  79.  Unnoichad  Lamina  t*  Comptaaaion  Strang  Ih  Data 
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The  tension  strengths  of  50/40/10  laminates  are  summarized  in  Figure  80. 
The  strength  of  IM6/3100  gradually  decreased  with  increasing  temperature  and 
moisture  content.  The  ETW  strength  was  85  percent  of  the  CTD  strength. 

Figure  80  also  shows  that  the  tension  strength  of  IM6/F650  50/40/10 
laminates  is  not  as  significantly  affected  by  environment  as  the  strength  o£ 
IM6/3100.  The  range  of  IM6/F650  tensile  strengths  was  only  4  percent  com¬ 
pared  to  15  percent  for  IM6/310Q. 


{146/3100  IU6/F650 

omwhmw 


Rguie  8C.  Unnotchsd  SOftOfiO  Uftilnsis  Teneton  jtwwgai  Test  fUauUs 
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The  compression  strengths  of  50/40/10  laminates  are  summarized  in  Figure 
31.  Again,  increasing  temperature  and  moisture  content  resulted  in  gradual 
degradation  of  IM6/3100  strength.  The  ETW  strength  was  75  percent  of  the  CTD 
strength. 

In  contrast  to  IM6/3100,  the  greatest  IM6/F650  compression  strength 
occurred  under  RTD  conditions.  The  ETW  strength  was  76  percent  of  the  RTP 
strength. 
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Figure  82  summarizes  the  compression  strengths  of  10/80/10  laminates. 
The  ETW  compression  strength  of  IM6/3100  was  77  percent  of  the  RTD  com¬ 
pression  strength.  For  IM6/F650  the  ETW  strength  was  75  percent  of  the  RTD 
strength.  These  strengths  were  used  as  baseline  values  for  comparisons  with 
residual  compression  strengths  after  low-velocity  impact. 

too 


75 


Strength 

50 

ksi 


25 


0 

IM8/3100  IM6/F850 

OOTMUMM 

Figure  82.  Unnotchs^  10/60/10  laminate  Compression  Strength  Teat  Heeutts 


4, 2.2.2  Analysis  -  Classical  lamination  theory  was  used  to  predict  the 
moduli  of  50/40/10  and  10/80/10  laminates.  Figures  S3  through  85  show  the 
correlation  of  predicted  moduli  with  test  data.  Predicted  values  are  gen¬ 
erally  within  6  percent  of  the  tost  values. 


Figure  83.  tIMttIQO  Laminate  Moduli 
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Figure  84.  IM&E6S0  Umlnate  Moduli 
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Unnotched  laminate  stresses  were  also  computed  with  classical  lamination 
theory.  Laminate  failure  was  pradicted  by  comparing  elastic  stresses  with 
material  failure  criteria  on  a  ply-by-ply  basis.  The  maximum  stress  and 
Tsai-Hill  failure  criteria  were  evaluated  in  correlating  predicted  strength 
with  test  results.  The  maximum  stress  failure  criteria  evaluates  three 
stress  components  independently: 


°1  .  £2  . 

*1  =  1‘  F2-  *' 


1 


When  any  of  these  ratios  reach  unity,  failure  is  predicted.  The  Tsai-Hill 
failure  criteria  evaluates  the  stress  components  interactively: 


£l2  +  212 

Fi  F2 


ql°2 

*12 


1 


Prediction  of  laminate  strength  was  done  on  a  last  ply  failure  basis. 
Figure  86  shows  an  example  of  predictions,  by  the  Tsai-Hill  and  maximum 
stress  criteria,  of  the  series  of  ply  failures  leading  to  ultimate  failure. 
The  90°  plies  are  predicted  to  fail  first  due  to  weak  transverse  (matrix) 
strength.  The  t  45°  plies  then  experience  shear  failure.  Finally,  fibers  in 
the  0J  plies  fail. 

Legend 

E23Te»t 

□  90*  Ply  Failure 
EZU  45*  Ply  Failure 
ES3  0®  Ply  Failure 


TSAI-HILL 


Max  Strata 


Figure  86.  Predktkan  of  Lamtr^l^Feaurw  Sequence 
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Correlation  of  unnotched  laminate  tension  and  compression  strength  test 
results  with  predicted  last  ply  failure  is  shown  in  Figures  87  through  89.  In 
general,  predictions  made  with  the  Tsai-Hill  failure  criteria  were  conserva¬ 
tive  and  those  made  with  the  maximum  stress  criteria  were  higher  and  uncon¬ 
servative.  This  difference  is  an  indication  of  the  interactive  nature  of  the 
Tsai-Hill  criteria  and  the  non interactive  nature  of  the  maximum  stress 
criteria. 

All  predictions  for  10/80/10  laminate  strengths  were  conservative.  This 
is  due  to  the  conservative  shear  strengths  determined  in  lamina  property 
testing,  in  Task  II  (Reference  8).  Since  the  10/80/10  laminates  contained  a 
higher  percentage  of  t  45°  plies  than  the  50/40/10  laminates,  the  conserva¬ 
tive  lamina  shear  properties  are  more  apparent. 
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Figure*?.  Prediction  o!  HN/3100  50/40/10  Lamtncto  Strengths 
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Figure  80.  Prediction  ol  UWI6/F650  50/40/10  Laminate  Strengths 
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Figure  89.  Prediction  of  10/80/10  Laminate  Compreeeion  Strengths 


A. 2. 3  Unloaded  Hole  Static  Strength  -  Unloaded  hole  static  strength  tests 
were  performed  to  determine  the  notch  sensitivity  of  the  two  BMI  systems. 
Fiber  dominated  50/40/10  laminates  were  tested  in  tension  and  compression  at 
three  environmental  conditions  as  shown  in  Figure  90. 


Loading 
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Number  ot 

Toatt  Per  Material 

Specimen  Type 

Layup 

Static 

(D 

CTO  RTD  ETW 

Unloaded  Hole 

50/40/10 

T 

✓ 

3 

T 

** 

3 

T 

3 

C 

✓ 

3 

C 

* 

3 

C 

* 

3 

NOUS 

(»1  I  -  Twyon 
C  -  Comojusipn 
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Figure  90.  Unloaded  Hot*  Static  Teat  Matrix 


A. 2. 3.1  Teat  Results  *  The  unloaded  hole  test  specimen  configuration  is 
shown  in  Figure  91.  Typical  tension  and  compression  specimen  failures  are 
shown  in  Figures  92  and  93.  The  data  for  unloaded  hole  tension  and  compres¬ 
sion  static  tests  are  tabulated  in  Figure  94  and  95  respectively. 
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Figure  91.  Unloaded  Hole  Tension  and  Gompieaalon  Static  Teat  Spedman 
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Figure  94.  Unloaded  Hot*  Tension  Toot  Data 
Layup  50/40/10 
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Figure  95.  Unloaded  Hole  Compression  Teel  Dale 
Layup  50/40/10 
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Figure  96  summarizes  the  tensile  strength  reduction  caused  by  the 
fastener  hole  in  both  IM6/3100  and  IM6/F650  laminates.  The  notched  tensile 
strength  of  IM6/31G0  was  approximately  40  percent  less  than  the  unnotched 
strength.  The  notched  tensile  strength  of  IM6/F650  was  approximately  30 
percent  less  than  the  unnotched  strength. 


Strength 

ksi 


Figure  96.  Notched  LwUnetoTenetU  Strength  Reduction 


Similarly,  Figure  97  summarizes  the  compression  strength  reduction 
caused  by  the  fastener  hole.  The  notched  compression  strength  of  IM6/3100  and 
IM6/F650  at  CTD  and  RTD  conditions  was  generally  30  percent  to  40  percent 
less  than  the  unnotched  compression  strengths.  At  ETW  conditions,  the 
notched  compression  strengths  of  IM6/31Q0  and  IM6/F650  were  less  than  half 
(approximately  43  percent)  of  the  unnotched  strengths. 


Figure  67.  Notched  Lwninele  Compr*Mlon  Strength  Reduction 
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4. 2. 3. 2  Analysis  -  Unloaded  hole  strength  predictions  were  performed 
using  the  "Bolted  Joint  Stress  Field  Model”  (BJSFM)  (Reference  9),  outlined 
in  Figure  98.  This  methodology  is  based  upon  classical  lamination  plate 
theory  and  anisotropic  theory  of  elasticity  to  obtain  laminate  stress  and 
strain  distributions,  and  a  characteristic  dimension  (R  )  failure  hypothesis. 

C 

Unidirectional  (lamina)  stiffness  and  strength  data  were  used  with  an  empir¬ 
ical  value  of  R  to  predict  stress  distributions,  critical  plies,  failure 
c 

location,  and  failure  load. 
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•  Failure  Analysis 


Figure  9ft.  Bolted  Joint  Strata  Field  Modal 
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Both  the  Tsai-Hill  and  maximum  stress  failure  criteria  were  used  to 
predict  unloaded  hole  strengths.  The  strengths  were  predicted  with  the  last 
ply  failure  analysis,  as  previously  used  to  predict  unnotched  strengths.  As 
plies  were  predicted  to  fail  due  to  matrix  tension  or  shear,  the  modulus 
corresponding  to  the  failure  mode  was  reduced  by  a  factor  of  1000  to  repre- 
sent  the  lack  of  load  carrying  capability.  The  analysis  was  continued,  until 
finally  the  6°  fibers  were  predicted  to  fail  near  the  side  of  the  hole.  The 
Tsai-Hill  and  maximum  stress  failure  criteria  predicted  equal  ultimate 
strengths  and  similar  failure  modes.  This  was  due  to  the  analytic  removal  of 
matrix  and  shear  load  capability  that  would  have  distinguished  the  inter¬ 
active  Tsai-Hill  predictions  from  the  non interactive  maximum  stress  predic¬ 
tions. 

Figure  99  illustrates  the  variation  of  predicted  notched  strength  with 

R  value.  Under  CTD  conditions,  the  R  value  of  0.036  inch  correctly  predicts 
c  c 

the  notched  tension  strength  of  124  ksi.  To  correctly  predict  the  notched 

compression  strength  of  35  ksi,  the  R  value  of  0.029  inch  must  be  used. 

c 
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Figure  100  summarizes  the  results  for  IM6/3100  and  XM6/F650  at  three 

environments.  Under  RTD  conditions  no  reasonably  small  value  of  R  corre- 

c 

lated  with  the  IM6/F650  tension  strength  of  136  ksi.  The  Rc  value  of  0.28 
inch  is  too  large  to  consider  the  failure  correlation  point  as  being  close  to 
the  edge  of  a  0.25  inch  hole.  Under  ETW  conditions,  tension  strengths  for 
IM6/3100  and  IM6/F650  were  not  predicted  for  any  value  of  Rc. 
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Figure  100.  R0  Values  Used  to  Predict  Unloaded  Hole  Laminate  Strengths 

4.2.4  Unloaded  Hole  Fatigue  Life  -  Unloaded  hole  fatigue  tests  were 
performed  to  determine  the  durability  of  the  two  BMI  systems.  Fiber  dominated 
50/40/10  laminates  were  tested  in  compression-compression  (R  ■  10)  and 
reversed  loading  (R  »  -1)  fatigue  cycling  at  three  environmental  conditions 
as  shown  in  Figure  101. 


Leading 

EnvUeemeut 

Specimen  Typa 

Uyup 

Fatigue 

Strew  Strew 

’  CTO 

RTD 

ETW 

Number  «i 

Teat*  Ht  MtUrlo) 

Ram 

Level 

Unloaded  Hole 

50/40/10 

-1.0 

* 

5+  1*’* 

-1.0 

L, 

✓ 

5+2"» 

-1.0 

0, 

* 

S+1<»> 

-1.0 

L, 

5 

-1.0 

L2 

5 

-1,0 

L* 

**» 

5 

10.0 

i-i 

5 

10.0 

L, 

* 

5+1*0 

10.0 

5 

10.0 

5 

10.0 

* 

5 

10.0 

V 

* 

5 

Noli:  (t)  TB£  enUnud  x-nyj  10  bt  tikin  jl  'A ,  Vj,  W  loUi  lit*. 


OWMtlMI* 


Figure  101.  Unloaded  Hole  Fatigue  Teat  Matrix 
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4.2,4. 1  Test  Results  -  The  unloaded  hole  fatigue  test  specimen  config¬ 
uration  is  shown  in  Figure  102.  A  typical  failure  is  depicted  in  Figure  103. 
Figure  104  shows  the  progression  of  damage  that  precedes  unloaded  hole 
fatigue  failure.  The  enhanced  X-rays  show  that  matrix  cracking  initially 
occurs  along  fibers,  as  evidenced  by  vertical  and  ±45°  lines  near  the  hole 
edge.  Next  the  cracks  coalesce  into  delaminations  which  show  up  as  white 
cloudy  areas.  The  delaminaticms  occur  both  at  the  hole  edge  and  at  the  outer 
edges  of  the  specimen.  The  unloaded  hole  fatigue  life  data  are  tabulated  in 
Figures  105  through  107.  The  data  are  plotted  in  Figures  108  through  110. 
Each  plot  shows  the  static  compression  strength  plotted  at  a  life  of  1  cycle. 
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Flgurt  102.  Unloaded  Hoi#  Fatigue  T#st  Specimen 


Figure  103.  Failed  Unloaded  Hole  Fatigue  Specimen 

96 


1/2  Life  3/4  Lifo 

OPtMOM-l* 


Figure.  104.  Progression  of  Unloaded  Hole  Fatigue  Damage 
(Enhanced  X-Rays) 
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Figure  108.  Unloaded  Hole  Fatigue  Data  (or  RTD  Conditions 
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0.250 

68.440 

1-10B-2U 

14.3 

45.8 

0.226 

1.499 

0.250 

1 

1-1 0A-49U 

14.2 

45.5 

0.224 

1.510 

0.250 

10 

IM6/3100 

1-10A-50U 

10.0 

14,2 

45.5 

0.222 

1.510 

0.250 

170 

1-10A-51U 

14.2 

45.5 

0.221 

1.508 

0.250 

3.860 

1-10B-13U 

14.0 

44.9 

0.226 

1.507 

0.250 

5,980 

IM6/3100 

1-1 0B-14U 

10.0 

14.0 

44.9 

0.226 

1.507 

0.250 

756.000+ 

1-1 0A-33U 

14.0 

44,9 

0.223 

1.509 

0.250 

19.890 

1-10A-34U 

14.0 

44.9 

0.220 

1.508 

0.250 

90 

1-10A-32U 

12.4 

39.7 

0.225 

1.510 

0.250 

5.880 

IM6/3100 

1-1  OB-1 5U 

-1.0 

12.4 

39.7 

0.227 

1.506 

0.250 

8.610 

1-10B-16U 

12.4 

39.7 

0.228 

1.505 

0.250 

10,750 

1-10B-17U 

12.4 

39.7 

0.225 

1.506 

0.250 

2.070 

IM6/3100 

1-10A-17U 

-1.0 

11.1 

35.6 

0.221 

1.511 

0.250 

108.040 

1-10A-18U 

11.1 

35.6 

0.223 

1.499 

0.250 

410,000+ 

IM6/3100 

1-10A-29U 

-1.0 

10.5 

33.7 

0.224 

1.510 

0.250 

40 

IM6/3100 

1-10A-30U 

1-10A-31U 

-1.0 

10.0 

10.0 

,  32.1 
32,1 

0.224 

0.225 

1.509 

1.509 

0.250 

0.250 

3.080 

238.170 

2-10A-47U 

14.5 

46.5 

0.219 

1.506 

0.250 

150 

IM6/F650 

2-10A-48U 

10.0 

14.5 

46.5 

0.217 

1,504 

0.250 

120 

2-10A-49U 

14.5 

46.5 

0.216 

1.504 

0.250 

10 

2-10A-50U 

14.5 

46.5 

0.217 

1.504 

0,250 

7,700 

2-10B-13U 

14.3 

45.8 

0.221 

1.508 

0.250 

86.180 

IM6/F650 

M0B-14U 

10.0 

14.3 

45.8 

0,218 

1.524 

0.250 

858.000+ 

2-10A-46U 

14.3 

45.8 

0.221 

1.506 

0.250 

430.250 

2-10A-14U 

13.9 

44.6 

0.217 

1.509 

0.250 

7.070 

2-10A-34U 

13.9 

446 

0,217 

1.508 

0.250 

67,090 

IM6/F650 

2-108-10U 

10.0 

13.9 

44.6 

0.221 

1.507 

0.250 

148.280 

2-10B-11U 

13.9 

44.6 

0.221 

1.508 

0,250 

710.200+ 

2-10B-12U 

13.9 

44.6 

0.222 

1.508 

0.250 

748.240+ 

IM6/F650 

2-10A-33U 

10.0 

13.8 

44.2 

0.218 

1,507 

0.250 

700.000+ 

IM6/F650 

M0A-15U 

10.0 

13.5 

43,3 

0.218 

1.509 

0.250 

705,000+ 

2-10A-30U 

14.4 

46.2 

0,219 

1,506 

0.250 

1.000 

2-10A-31U 

14.4 

46.2 

0.213 

1,508 

0.250 

210 

IM6/F6S0 

2-10A-32U 

-1.0 

14.4 

46.2 

0.219 

1.503 

0.250 

1.870 

2-108-30U 

14,4 

46.2 

0.220 

1.505 

0.250 

25.270  * 

2-108*3111 

14.4 

46.2 

0.219 

1.508 

0.250 

250 

2-10A-26U 

14.0 

44.9 

0.221 

1.506 

0.250 

3.060 

MOA-29U 

14.0 

44.9 

0.220 

1.507 

0.250 

567.990+ 

IM8/F650 

2-108-32U 

-1.0 

14.0 

44.9 

0.219 

1.503 

0.250 

2.010 

M0B-33U 

14.0 

44.9 

0.216 

1.507 

0.250 

14.810 

2-108-34U 

14.0 

44.9 

0.217 

1.508 

0.250 

12.920 

a ftMUUM 


Figure  107.  Unloaded  Hole  Fatigue  Data  lor  ETW  Conditions 
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The  CTD  and  RTD  fatigue  data  in  Figures  108  and  109  are  plotted  in  terms 
of  the  log  mean  life  centered  in  its  90  percent  confidence  interval.  Each 
figure  includes  two  fatigue  data  plots.  The  first  plot  shows  data  for  R  »  10 
and  the  second  shows  data  for  R  =  -1.  Comparing  the  plots  in  each  figure 
indicates  that  IM6/3100  experienced  longer  lives  during  compression-only  (R  * 
10)  cycling  than  reversed  (R  =  -1)  cycling.  One  explanation  for  this  be¬ 
havior  is  that  IM6/3100  is  matrix  crack  dominated  in  fatigue.  Under  compres¬ 
sion-only  conditions,  matrix  cracks  will  not  reduce  life,  whereas  under 
reversed  loading,  matrix  cracks  grow  due  to  tensile  loading  thus  reducing 
life. 


In  contrast  to  the  behavior  of  IM6/31Q0,  IM6/F650  showed  no  extension  of 
life  during  compression-only  cycling  compared  to  reversed  cycling.  IM6/F650 
sustained  equal  peak  compression  loads  for  both  R  *»  10  and  R  -  -1  cycling. 
Perhaps,  life  was  controlled  by  delamination  growth  with  compression  loading. 
Failure  would  then  occur  when  delaminations  driven  by  peak  compression 
loading  grew  to  a  critical  size. 

In  Figure  110  the  ETW  fatigue  data  are  plotted  as  individual  points 
because  of  the  large  life  scatter  that  occurred.  The  increased  scatter  is 
attributed  to  the  loss  of  moisture  in  the  specimens  during  elevated  tempera¬ 
ture  testing.  The  high  diffusivlty  of  the  BM£  materials  resulted  in  rapid 
desiccation  of  the  specimens.  Specimens  that  did  not  fail  early  (in  less  than 
4000  cycles)  survived  longer- than-appropr late  lives  because  of  the  increased 
strength  in  the  dry  condition. 

4. 2. 4. 2  Analysis  -  The  fatigue  data  for  CTD  and  RTD  conditions  was 
analyzed  to  determine  the  log  mean  life  and  its  90  percent  confidence  inter¬ 
val  for  each  stress  level.  A  statistical  analysis  was  performed  on  the 
fatigue  data  to  determine  the  90  percent  confidence  Interval  for  each  set  of 
data.  There  is  90  percent  probability  that  the  mean  life  of  specimens  testad 
at  the  indicated  stress  level  will  be  within  the  range  defined  by  the  90 
percent  confidence  interval. 


101 


Stress 

Amplitude 

ksi 


Stress 

Amplitude 

ksi 


4,2.5  Loaded  Hole  Static  Strength  -  Loaded  hole  static  strength  tests 
were  performed  to  determine  the  fastener  bearing  strength  of  the  BMI  systems. 
Fiber  dominated  50/40/10  laminates  were  tested  at  three  environmental  condi¬ 
tions  as  shown  in  Figure  111. 


4.2.5. 1  Test  Results  -  The  loaded  hole  test  specimen  is  shown  in  Figure 
112.  The  loaded  hole  test  setup  is  shown  in  Figure  113.  With  this  setup,  the 
bearing  load  is  introduced  in  double  shear  to  obtain  uniform  bearing  stress 
through  the  thickness  of  the  laminate.  A  typical  failed  specimen  is  shown  in 
Figure  114.  Test  data  for  loaded  hole  static  tests  are  tabulated  in  Figure 
115. 


Leading 

Envtfwmant 

Number  of 

Teata  Nr  Material 

Specimen  Typ* 

Uyup 

Static 

HI 

CTO  RTD  ETW 

Loaded  Hole 

50/40/10 

T 

3 

T 

** 

3 

T 

** 

3 

Non; 

ID  t  -  rustics 


OmtltMM 

Flour*  111.  Loaded  Hoi*  Static  T*at  Matrix 


Material 

System 

Envlrsamini 

Spadmaa 

NumUr 

Thlckam 

(Is.) 

WMtt 

(Is.) 

Hite 

Dtemtter 

(is.) 

Filters 

Load 

(ft) 

Srsti 

Filters  Strut 
(teal) 

Falters  Steits, 
F/dt 
(teal) 

Filters 

Strain 

(Mte./tn.) 

ind 

Avg 

lad 

*vg 

lad 

A*fl 

MOB-41 

0.2284 

2.255 

0.375 

9.450 

20.1 

121.2 

1.380 

;M6/31Q0 

CTO 

MOB-51 

0.2287 

2.255 

0.375 

9,260 

19.7 

19.7 

118.7 

118.8 

1.404 

1.376 

MOB-61 

0.2282 

2.255 

0.375 

9.090 

19.4 

116,5 

1.344 

2-108-41 

0.2205 

2.253 

0.375 

8.650 

18.5 

110.9 

1.236 

IM6/F650 

CTO 

2-108-51 

0.2209 

2.254 

0.375 

7.670 

16.4 

17.2 

98.3 

103.3 

1.164 

1.200 

2-1Q8-& 

0.2215 

2.252 

0,375 

7.850 

16.8 

100.6 

1.200 

1-10B-1L 

0.2268 

2.255 

0.375 

7.800 

16.6 

100.0 

1.164 

IM6/3100 

RTD 

M08-2L 

0-2273 

2,256 

0.375 

9.140 

19.5 

18.4 

117.2 

110.7 

1.440 

1.324 

MOB-31 

0.2284 

2.256 

0.375 

8.960 

19.1 

114.9 

-• 

1.368 

2-108-11 

0.2183 

2.249 

0.375 

7.380 

t5.a 

94.6 

1.168 

IM6/F65Q 

RTO 

2-10B-2L 

02201 

2  253 

0.375 

7.700 

16.4 

16.5 

96.7 

99.3 

1.212 

1.236 

2-108 -31 

0.2205 

2  255 

0.375 

8.160 

•17.4 

104.6 

1.308 

MOB-71 

0.2270 

2.251 

0.375 

5.700 

12.2 

731 

870 

IU6/31Q0 

£TW 

MOB-81 

0.2295 

2  252 

0.375 

5.970 

12.7 

12.3 

76.5 

73.8 

852 

838 

1-108-91 

0.2288 

2,244 

0.375 

5.600 

12.0 

71.0 

792 

2-108-71 

0.2209 

2  254 

0.375 

2.930 

625 

376 

372 

IU6/F650 

6TW 

2- 108-81 

0  2205 

2.254 

0.375 

4.730 

10.1 

0.35 

60.6 

50,2 

696 

540 

2-108-91 

0.2209 

2  254 

0.375 

4.080 

0.70 

523 

552 

ONUttUM 

Figure  IIS,  loaded  Kola  Siallo  Ttsl  Data 
Pure  Bearing  Test  Results 
Layup:  50/40/10 
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The  bearing  strengths  of  both  systems  are  summarized  in  Figure  116. 
Bearing  strength  gradually  decreased  with  increasing  temperature  and  moisture 
content.  The  RTD  bearing  strength  of  IM6/3100  was  93  percent  of  the  CTD 
bearing  strength.  Under  ETW  conditions  the  bearing  strength  of  IM6/3100  was 
62  percent  of  the  CTD  strength.  The  RTD  and  ETW  bearing  strengths  of 
IM6/F650  were  96  percent  and  A9  percent  of  the  CTD  strength,  respectively. 


4.2.S.2  Analysis  -  Loaded  hole  strength  predictions  were  made  using 
8JSFH.  The  analyses  predicted  that  initially  the  laminate  experienced  matrix 
compression  and  shear  failures  of  all  plies.  Ultima  ely,  the  loaded  hole 
laminate  was  predicted  to  experience  fiber  compression  failure  of  £45*  plies 
at  locations  4Q*  from  the  load  line. 

Figure  117  ^^amarizes  the  &c  values  used  to  predict  the  loaded  hole 
strengths.  The  data  is  included  along  with  the  unloaded  hole  values 
already  reported.  In  general,  the  &c  value  for  predicting  loaded  hole 
strength  is  greater  than  the  value  for  predicting  unloaded  hole  strength. 
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IM3/310Q 

IM6/F650 

CTD 

RTD 

ETW 

CTD 

RTD 

ETW 

Tension 

R0  (In.) 

0.036 

0.029 

Large 

0.072 

0.280 

Large 

Ftu  (ksi) 

123.6 

114.8 

114.2 

125.3 

136.0 

131.5 

Compression 

Rc  On.) 

0.029 

0.063 

0.023 

0,018 

0.087 

Fcu  (ksi) 

84.8 

75.6 

45.2 

69.6 

46.4 

Bearing 

Rc  ('"•) 

0.075 

0.134 

0.048 

0.047 

0.078 

pbru 

118.8 

110.7 

73.8 

103.3 

99.3 

50.2 

aP7J-0«043-R 


Figure  117.  Re  Values  Used  to  Predict  Unloaded  and 
Loaded  Hole  Laminate  Strengths 


A. 2. 6  Loaded  Hole  Fatigue  Life  (Pole  Wear)  -  Loaded  hole  fatigue  tests 
were  performed  to  determine  the  hole  wear  characteristics  of  the  two  BMX 
systems.  Fiber  dominated  50/40/10  laminates  were  tested  in  compression-only 
(R  «  10)  and  reversed  loading  (R  «  -1)  fatigue  cycling  at  two  environmental 
conditions  as  shown  in  Figure  118. 


Sptdman  Type 

Layup 

Loading 

FitJgua 

Environ  mint 

'  CTO  RTD  ETW 

Numb*  at 

Taata  hr  Malarlsl 

Strati 

Him 

Straw 

Leva) 

Loaded  Hole 

50/40/10 

-1.0 

Li 

3+2<" 

-1.0 

Li 

3  +  H'l 

-1.0 

L« 

3 

-1.0 

Lj. 

3 

10,0 

L, 

*<* 

3  +  1<'> 

10.0 

l-i 

*p 

3 

10.0 

Lj 

3 

10.0 

LJ 

3 

Note:  (I)  TBE  enhanced  n-rtyt  to  b*  Ukcrv  n  ’A,  'A,  Wloui  lit*. 


Figure  118.  Loaded  Hole  Fatigue  Teat  Matrix 
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4. 2. 6.1  Data  Reduction  -  Loaded  hole  fatigue  failure  was  defined  as  the 
accumulation  of  0.02  inch  hole  elongation.  Stiffness  and  deflection  was 
monitored  periodically  during  each  test.  Hole  elongation  measurements  were 
obtained  using  the  data  reduction  procedure  shown  in  Figure  119.  Typical 
accumulation  of  hole  elongation  with  fatigue  cycling  is  shown  in  Figure  120. 
For  much  of  the  specimen  life,  little  or  no  hole  elongation  was  observed, 
until  there  was  a  rapid  increase  near  the  eud  of  life. 


WtMUMM 

figure  118.  Hole  Elongation  Determined  by  Shift  in  load  Displacement  Curve 
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4. 2. 6.2  Test  Results  -  The  same  specimen  configuration  that  was  used  in 
static  tests  was  used  in  fatigue  tests  (Figure  121).  Typical  failed  specimens 
are  shown  in  Figure  122.  For  RTD  conditions,  stress  ratio  effects  were  not 
apparent.  Compression-  only  (R  *  10)  cycling  and  reversed  (R  -  -1)  cycling 
produced  failures  only  on  one  side  of  the  hole,  like  that  shown  in  Figure 
122a.  Under  ETVJ  conditions,  however,  stress  ratio  effects  were  evident 
where  R  =>  10  cycling  produced  one-sided  hole  wear  and  R  =  -1  cycling  produced 
two-sided  hole  wear  as  shown  in  Figure  122b.  Figure  123  shows  the  progres¬ 
sion  of  damage  that  leads  to  loaded  hole  fatigue  failure.  Loaded  hole 
fatigue  failure  is  preceded  by  local  matrix  crushing  at  the  bearing  surfaces 
of  the  hole.  The  X-rays  show  that  the  area  of  crushed  matrix  gradually  grows 
until  the  hole  wears  out  (0.02  inch  elongation).  Data  for  the  loaded  hole 
fatigue  tests  are  tabulated  in  Figures  124  and  125.  The  data  are  plotted  in 
Figures  126  and  127.  Each  plot  shows  the  static  bearing  strength  plotted  at  a 
life  of  one  cycle. 


Figure  121.  Loaded  Hole  Fatigue  Teat  Specimen 
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Figure  122.  Felled  Loaded  Hole  Fatigue  Specimens 
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Figure  123.  Progression  of  Loaded  Hole  Fatigue  Damage 
(Enhanced  X-Rays) 


Materiel 

Systrni 

Spaclmsn 

Numbar 

Stress 

Ratio 

Load 

Level 

m 

Bearing 

Stress 

Level 

(M> 

Thicknass 

(in.) 

Width 

(In.) 

HoO 

OilRMtar 

(in.) 

UlO 

(Cycles) 

(D 

Log 

Main 

Ufa 

(Cycles) 

MOB-32 

2.254 

0.375 

8.600 

IM6/3100 

MOB-33 

10 

5,530 

70.9 

2.255 

0.375 

8.380 

7.550 

1-1  OB-34 

2.248 

0.375 

5,960 

1-1  OB-25 

2.255 

0.375 

1,070 

IM6/3100 

1-1  OB-26 

10 

6.210 

79.6 

2.256 

0.375 

3.920 

2,160 

1-1  OB-27 

2.255 

0.375 

2.390 

1-108-19 

2.254 

0.375 

4,940 

IM6/3100 

MOB-20 

-1 

5.620 

.  72.1 

0.22B 

2.252 

0.375 

4.990 

4.550 

1-1  OB-21 

2.252 

0.375 

3.830 

1-10B-10 

2.254 

0.375 

1,490 

IM6/3100 

MOB-11 

-1 

6,000 

76.9 

2.254 

0.375 

1.690 

1,750 

MOB-12 

0.228 

2.253 

0.375 

2.120 

2-108-32 

0.222 

2.258 

0.375 

9.600 

IM6/F650 

2-1  OB-33 

10 

4.790 

61.4 

0.221 

2.258 

0.375 

11.320 

11,300 

2-1 0B-34 

0,221 

2.252 

0.375 

13.260 

2-1  OB-25 

0.221 

2.255 

0.375 

4,230 

IM6/F650 

2-10B-26 

10 

5.410 

69.4 

0.222 

2.256 

0.375 

1.500 

2,830 

2-10B-27 

0.223 

2.257 

0.375 

3,570 

2-10B-13 

0.220 

2.254 

0.375 

19,999 

IM6/F650 

2-108-14 

-1 

4.520 

57.9 

0.220 

2.254 

0.375 

21,830 

17.180 

2-108-21 

0.221 

2.253 

0.375 

11.610 

2-10B-10 

0.221 

2.246 

0.375 

2,090 

IM6/F650 

2-108-11 

-1 

5,420 

69.5 

0,222 

2.245 

0.375 

3.000 

1,850 

2-108-12 

0.219 

2.253 

0.375 

1,010 

Utt«.  (tlUt »  0  02  ui -d  W»  HttOUW 

(1W1  PUSS  TO  1 


Figure  124.  Loaded  Hole  Fatigue  Teat  Data  tor  RTD  Conditions 


IIS 


Material 

Syttam 

Spacimin 

Number 

Stress 

Ratio 

Load 

Laval 

(lb) 

Bearing 

Strata 

Laval 

(kti) 

Thleknett 

(In.) 

Width 

(In.) 

Hole 

Diameter 

(in.) 

Ufa 

(Cycles) 

(D 

1-10B-35 

4.750 

60.9 

0.228 

2.256 

;.',X 

IM6/310Q 

MOB-36 

10 

4,200 

53.8 

0.228 

2.258 

MOB-37 

4,200 

53.8 

0.226 

2.255 

MOB-29 

5,000 

64.1 

0.226 

2.254 

IM6/3100 

MOB-30 

10 

5,200 

66.7 

0.227 

2.255 

0.375 

620 

1-1  OB-31 

5,200 

66.7 

0.226 

2.254 

0.375 

100 

1-1  OB-22 

3,800 

48.7 

0.228 

2.252 

0.375 

139,000+ 

IM6/3100 

1-1  OB-23 

-1 

4,100 

52.6 

0.228 

2.253 

0.375 

30.000+ 

1-1  OB-24 

4,250 

54.5 

0.226 

2.252 

0.375 

7,430 

MOB-15 

4,320 

55.4 

0.227 

2.251 

0.375 

190 

IM6/3100 

MOB-16 

-1 

4,320 

55.4 

0.227 

2.252 

0.375 

260 

MOB-17 

4.320 

55.4 

0.226 

2.251 

0.375 

3,650 

2-1  OB-29 

3,600 

46.2 

0.222 

2.257 

0.375 

3,880 

IM6/F650 

2-108-30 

10 

3.600 

46.2 

0.222 

2.257 

0.375 

7.600 

2-10B-31 

3,600 

46.2 

0.222 

2.257 

0.375 

77,000+ 

2-10B-35 

4,000 

51.3 

0.222 

2.257 

0.375 

3,330 

IM6/F650 

2-10B-36 

10 

3,200 

41.0 

0.221 

2.257 

0.375 

5,230 

2-100-37 

3.200 

41.0 

0.222 

2.256 

0.375 

69,700+ 

MOB-24 

2,730 

35.0 

2.254 

0.375 

82,100 

IM6/F650 

M0B-S1O 

-1 

2,900 

37,2 

KXHfl 

2.258 

0.375 

272,500+ 

2-100-S1 1 

3,100 

39.7 

0.221 

2.256 

0.375 

107.200 

2-10B-16 

3,520 

45.1 

0.222 

2.253 

0.375 

60 

IM6/F650 

2-10B-S12 

-1 

3,500 

44,9 

0.219 

2.257 

0.375 

250 

2-10B-S13 

3,500 

44.9 

0.222 

2.259 

0.375 

170 

Noll.  ( l )  lilt  to  0.02  in.  oi  hole  itoogiuon. 

QMM0M414 

Figure  125.  loaded  Holt  Fatigue  Teel  Data  for  ETW  Condltlone 


Tho  data  in  Figure  126  is  for  RID  testing.  The  data  ia  plotted  in  terms 
of  the  log  mean  life  surrounded  by  its  90  percent  confidence  interval  deter¬ 
mined  for  each  data  set.  The  data  show  that  under  RTD  conditions  there  is  no 
stress  ratio  (R)  effect  on  fatigue  life.  Compression-only  (R  ■  10)  and 
reversed  (R  *  -1)  cycling  resulted  in  similar  lives  for  both  materials.  An 
explanation  for  this  behavior  is  that  the  failure  mode  was  dominated  by 
localized  matrix  crushing  due  to  bearing  loads.  Once  hole  wear  initiated  in 
the  brittle  matrix,  damage  progressed  rapidly.  The  sense  of  the  loading, 
whether  it  was  tension  or  compression,  was  irrelevant. 
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a)  Loadad  Holt  Fatigue  Test  Results:  R»10 


b)  Loaded  Hole  Fatigue  Test  Results:  R  ■  - 1 


Figure  126.  Loaded  Hole  Fatigue  Teat  fteaulte  (or  RTD  Condi  Ilona 
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The  data  in  Figure  127  is  plotted  as  individual  points.  Under  ETW 
conditions,  the  loaded  hole  fatigue  specimens  dried  out,  resulting  in  large 
life  scatter.  The  data  show  that  for  a  loaded  hole  fatigue  life  of  10,000 
cycles,  the  permissible  bearing  stress  level  for  IM6/31Q0  is  79  percent  (55 
ksi  vs  70  ksi)  of  the  stress  level  for  RTD  conditions.  The  value  for 
IM6/F650  is  75  percent  (45  ksi  vs  60  ksi). 

a)  Loaded  Hole  Fatigue  Taat  Reaulta:  R»10 


N-Cyclea  to  0.02  In.  Hole  Elongation 

b)  Loaded  Hole  Fatigue  Taat  Results:  R  »  - 1 


N -Cycles  to  0.02  In.  Hole  Elongation 

Figure  127.  Loaded  Hole  Fatigue  Teat  Results  (or  ETW  Conditions 
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4.2.7  Low-Velocity  Impact  Damage/Residual  Compression  Strength 
Low-velocity  impact  tests  were  performed  to  determine  the  strength  of  damaged 
bismaleimide  panels.  The  test  program  is  outlined  in  Figure  128.  Impact 
tests  were  performed  to  determine  the  maximum  energy  level  that  a  panel  could 
sustain  without  showing  signs  of  surface  damage.  Tests  were  performed  on 
thin  panels,  less  than  0.080  inch  thick,  to  investigate  the  impact  response 
of  very  thin  skins.  Visible  damage  tests  were  performed  on  thicker  panels  to 
determine  the  strength  degradation  due  to  impacts  with  energies  (not  to 
exceed  100  ft-lbs.)  sufficient  to  create  a  0.1  inch  dent. 

4.2.7. 1  Test  Results  -  The  impact  specimen  configuration  is  shown  in 
Figure  129.  The  7  inch  by  11  inch  panels  were  constrained  such  that  there 
was  a  5  inch  by  5  inch  unsupported  area  as  shown  in  Figure  130.  All  panels 
were  impacted  with  1  inch  diameter  impactor.  Prior  to  impact,  the  specimen 
was  instrumented  with  a  strain  gage  on  the  back  side  directly  under  the 
impact  site.  This  gage  was  used  to  monitor  panel  response  during  impact. 
After  impact,  the  panel  was  instrumented  with  five  strain  gages  as  shown  in 
Figure  129.  Back-to-back  pair  1,2  was  located  adjacent  to  surface  damage. 
Two  back-to-back  pairs  (1,2  and  3,4)  were  used  to  monitor  delamination 
buckling  response  during  residual  compression  strength  testing.  The  single 
gage  (5)  was  used  to  monitor  far  field  panel  response. 

In  addition  to  strain  gaging,  instrumentation  was  provided  to  measure 
acceleration  (and  hence  loads)  during  impact.  Approach  and  rebound  veloci¬ 
ties  were  measured  with  optical  sensors.  Data  summarized  in  Figures  131 
through  136  include  impact  energy,  dent  depth,  and  residual  compression 
strength  for  the  216  impact  tests.  More  data  is  presented  in  the  Appendix 
volume  of  this  report. 

Maximum  non-visible  damage  was  defined  as  a  dent  depth  of  approximately 
0.01  inch.  This  damage  was  discernible  under  close  inspection,  but  was  not 
severe  enough  to  be  detected  during  a  walk -around  inspection  of  an  aircraft. 
The  data  in  Figures  131  and  132  show  that  the  energy  threshold  for  non- 
visible  damage  in  fiber  dominated  50/40/10  laminates  is  generally  one  and 
one-half  to  two  times  as  great  as  the  energy  threshold  for  comparable  matrix 
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dominated  10/80/10  laminates.  IM6/3100  had  higher  energy  thresholds  for 
non-visible  damage  than  IH6/F650.  Residual  compression  strengths  of  IM6/3100 
were  also  higher  than  those  of  IM6/F65Q. 


Damage 

Type 

Layup 

Nominal 

Thickness 

Environment 

Number  ef 
Resktuai  Strength 

RTD 

ETW 

Cempressien  Tests 
Hr  Material 

Maximum 

10/80/10 

0.104 

✓ 

3 

Non-Vlslble 

✓ 

3 

Damage 

0.208 

✓ 

3 

•»» 

3 

0.410 

3 

*•* 

3 

|  50/40/10 

0.104 

* 

3 

* 

3 

0.208 

*0 

3 

*» 

3 

0.416 

* 

3 

3 

Thin  Laminate 

0/100/0 

0.021 

3 

Damage 

**• 

3 

0.042 

3 

3 

EEi 

* 

3 

3 

50/0/50 

0.021 

* 

3 

* 

3 

0.042 

3 

*<» 

3 

3 

**• 

3 

VlstWe  Damage 

10/80/10 

0.104 

* 

3 

(O.i  in.  Den!} 

** 

3 

0.203 

* 

3 

* 

3 

0.4)6 

* 

3 

3 

50/40/10 

0.104 

3 

3 

3 

* 

3 

• * 

3 

If 

*» 

3 

Total  Number  ot  Tests  Hr  Material 

108 

Total  Tests  (2  Materials) 

216 

Figure  128.  Low-Velocity  Impact  Test  Matrix 
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0*  Strain  Gaga  (Typ) 
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Figuro  128.  Low-Valocity  Impact  Teat  Sp#eJm*n  UirtiumanUKt  tor 
Raatdual  Compmulon  Strang  th  TatUng 
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Flguia  130.  LowAfeioclty  Impact  Oamaga  Tact  Satup 
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Malarial 

Spaclman 

Number 

Layup 

Thickness 

(In-) 

Impact 

Energy 

(fMb) 

Dent 

Depth 

(ht) 

Residual 

Compression  Strength 
(*•!) 

Ind 

Avg 

1-12-1 

0.114 

8 

0.005 

31.7 

IM6/31Q0 

1-12-2 

10/80/10 

0.114 

8 

0.005 

32.1 

31.4 

1-12-3 

0.114 

8 

0.005 

30.4 

MM 

0.223 

14 

0.008 

27.7 

IM6J3100 

MI-2 

10/80/10 

0221 

14 

0.009 

26.8 

27.1 

1-11-3 

0222 

14 

0.009 

26.8 

1-13-1 

0.451 

17.5/23 

0.004/0.008 

292 

iM6/3100 

1-13-2 

10/80/10 

0.452 

17.5/23 

0.001/0.007 

34.5 

302 

1-13-3 

0450 

17.5/23 

0.005/0.010 

27.0 

1-14-1 

0.109 

14 

0.006 

37.1 

IM6/3100 

1-14-2 

50/40/10 

0.110 

14 

0.006 

38.5 

36.6 

1-14-3 

0109 

14 

0.006 

34.3 

1-20-1 

0.224 

23 

0.010 

32.7 

IM6/3100 

1-20-2 

50/40/10 

0224 

23 

0.011 

30.6 

31.4 

1-20-3 

0223 

S3 

0.012 

30.7 

1-15-1 

0.455 

42 

0.012 

362 

IM6/3100 

M5-2 

50/40/10 

0.453 

42 

0.012 

362 

36.0 

1-15*3 

0.451 

42 

0.011 

35.6 

2*12-1 

0.107 

6 

0.00? 

23.0 

IM6/F650 

2-12*2 

10/80/10 

0.106 

6 

0.00? 

21.4 

222 

2-12-3 

0106 

6 

0.007 

222 

2-11-1 

0215 

7 

0.009 

22.1 

1M6/F65Q 

2-11-2 

10/80/10 

0216 

7 

0.011 

22.1 

210 

2*11*3 

0218 

7 

04)10 

212 

2*13-1 

0.436 

20 

0.012 

22.5 

IM8/F650 

2-13-2 

10/80/10 

0.438 

20 

0.010 

22.6 

222 

2-134 

0440 

20 

0.013 

21*8 

2-14*1 

0.111 

14 

0.007 

32.0 

IM6/F6S0 

2-14-2 

50/40/10 

0.112 

14 

0.006 

20.4 

29.4 

2*14*3 

0111 

14 

0.00? 

270 

2-20-1 

0218 

10 

0.012 

26.7 

IM6/F650 

2-20-2 

50/40/10 

0219 

10 

0.012 

28.1 

270 

2-20-3 

0219 

10 

0.009 

252 

2-15*1 

0433 

35 

0.017 

262 

IM6/F650 

2-15-2 

50/40/10 

0.443 

35 

0.017 

26.5 

26.4 

2-15-3 

0.440 

35 

0.015 

26.4 

anuuHM 


Figure  131.  Maximum  Non-VUible  Damage  0**b  for  RTD  Conditions 
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Material 

Specimen 

Number 

Layup 

Thickness 

(in.) 

Impact 

Energy 

(ft-lb) 

Dent 

Depth 

(in.) 

Residual 

Compression  Strength 
(ksl) 

Ind 

Avg 

1-124 

0.114 

8 

0.005 

22.9 

IM6/3100 

1-12-5 

10/80/10 

0.114 

8 

0.005 

22.0 

22.7 

, 

1-12-6 

0.114 

8 

0.005 

23.3 

1-114 

0.222 

14 

0.009 

23.7 

IM6/3100 

1-11-5 

10/80/10 

0.222 

14 

0.009 

21.2 

23.1 

1-11-6 

0.223 

14 

0.009 

24.4 

1-13-4 

0.449 

23 

0.006 

24.8 

IM6/3100 

1-13-5 

10/80/10 

0.454 

23 

0.004 

24.6 

25.4 

1-13-6 

0.454 

23 

0.006 

26.8 

1-144 

0.110 

14 

0.005 

32.6 

IM6/3100 

1-14-5  ' 

50/40/10 

0.110 

14 

0.006 

33.0 

31.8 

1-14-6 

0.110 

14 

0.006 

29.9 

1-204 

0.225 

23 

0.008 

25.4 

IM6/3100 

1-20-5 

50/40/10 

0.223 

23 

0.012 

25.2 

25.5 

1-20-6 

0.223 

23 

0.012 

25.9 

1-154 

0.451 

17.5/23 

0.006/0.010 

28.5 

IM6/3100 

1-15-5 

50/40/10 

0.445 

17.5/23 

0.008/0.010 

33.0 

28.9 

1-15-6 

0.448 

17.5/23 

0.007/0.011 

25.2 

2-124 

0.107 

6 

0.006 

17.9 

IM6/F650 

2-12-5 

10/80/10 

0.106 

6 

0.007 

17.5 

17.4 

2-12-6 

0.106 

6 

0.006 

16.7 

2-11-4 

0.216 

7 

0.011 

18.5 

IM6/F650 

2-11-5 

10/80/10 

0.216 

7 

0.011 

17.2 

17.7 

2-11-6 

0.216 

7 

0.011 

17.5 

2-13-4 

0.438 

20 

0.012 

10.5 

IM6/F650 

2-13-5 

10/80/10 

0.438 

15 

0.010 

17.1 

— 

2-13-6 

0.438 

15 

0.011 

17.8 

2-144 

0.112 

14 

0.007 

24.2 

IM6/F660 

2-14-5 

50/40/10 

0.111 

14 

0.006 

23.6 

232 

2-14-6 

0.112 

14 

0.006 

22.0 

2-20-4 

0.219 

10 

0.012 

21.8 

IM6/F660 

220-5 

50/40/10 

0.217 

10 

0.012 

19.1 

20.8 

2-20-6 

0.218 

10 

0.011 

21.7 

2-154 

0.441 

35 

0.016 

18.9 

IM6/F860 

2-15-5 

50/40/10 

0.440 

35 

0.016 

17.8 

18.8 

2-15-6 

0.442 

35 

0.017 

19.7 

QM3  00«  II  t 


Figure  132.  Maximum  Non-Vlslble  Oamaga  Data  for  ETW  Conditions 
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Impact  tests  were  performed  on  thin  (less  than  0.080  inch  thick)  lamin¬ 
ates  to  obtain  data  that  would  be  representative  of  thin  skin  structure.  All 
thin  laminate  tests  were  performed  with  impact  energies  of  5  ft- lbs.  The 
data  in  Figures  133  and  134  show  that  IM6/3100  retained  higher  residual 
compression  strengths  than  IM6/FG50. 


Material 

Specimen 

Number 

Layup 

Thickneaa 

(In.) 

Impact 

Energy 

<!t*ib) 

Dent 

Depth 

(In.) 

Residual 

Compression  Strength 
(kal) 

Ind 

Avg 

1*16-1 

0.024 

5 

0.002 

10.9 

IM6/3100 

1*16*2 

0/1 00/0 

0.024 

5 

0.001 

11.5 

11.3 

1-16*3 

0.024 

5 

0.001 

11.5 

1-12A-1 

0.045 

5 

0.004 

17.0 

IM6/3100 

1-12A-2 

0/100/0 

0.045 

5 

0.005 

17.9 

17.2 

1*12A*3 

0.045 

5 

0.004 

16.6 

1*17*1 

0.068 

5 

0.004 

20.7 

IM6/3100 

1*17*2 

u/100/0 

0.068 

5 

0.004 

20.8 

21.0 

1-17*3 

0.069 

5 

0.004 

21.5 

* 

1*18*1 

0.025 

5 

0.025 

15,5 

IM8/3100 

1*18*2 

50/0/50 

0.025 

5 

0.030 

17.1 

17.9 

1*18*3 

0.025 

5 

<0.001 

18.5 

1-14A-1 

0.046 

5 

0.004 

23.4 

IM6/3100 

1-14A-2 

50/0/50 

0.047 

5 

0.004 

23.5 

23.5 

1*14A»3 

0.046 

5 

0.004 

23.5 

1*19*1 

0.065 

5 

0.004 

24.1 

IM6/3100 

1*19*2 

50/0/50 

0.065 

5 

0.004 

28.6 

2  72 

1*19*3 

0,085 

5 

0.004 

28.9 

2*16*1 

0.022 

5 

0.011 

9.1 

IM8/F650 

2*18*2 

mom 

0.022 

5 

0.001 

9.4 

9  2 

2*18*3 

0.021 

5 

0.001 

9.0 

2-12A-1 

0.044 

5 

0.005 

13.7 

IM6/F650 

2-1 2A*2 

mom 

0.044 

6 

0.005 

14.6 

13.7 

2-12A-3 

0.043 

5 

0.004 

12.8 

2*17*1 

0,064 

S 

0.004 

15.8 

IM6/F650 

2*17*2 

mom 

0.064 

5 

0.005 

16.5 

164) 

2-17-3 

0.064 

5 

0.005 

17.3 

2*18*1 

0.023 

5 

<0.001 

11.3 

IM6/F850 

2*18*2 

50/0/50 

0.023 

5 

<0.001 

11.0 

1U 

2*18*3 

0.022 

5 

<0.001 

11.5 

2-14A-1 

0,043 

5 

0.005 

20.3 

IM6/F650 

2-14A-2 

50/0/50 

0.044 

5 

0.004 

20.7 

20.6 

2*14A*3 

0.044 

5 

0.005 

20.7 

2*18*1 

0.063 

5 

0.004 

18.2 

IM8/F650 

2*19*2 

50/0/50 

0.064 

5 

0.005 

19.2 

20.7 

2*19*3 

.   , . . 

0.064 

5 

0.005 

24.8 

Figure  133.  Thin  Laminate  Damage  Data  tor  RTD  Conditions 
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Material 

Specimen 

Number 

Layup 

Thickness 

(In.) 

Impact 

Energy 

(tt-lb) 

Dent 

Depth 

(In.) 

Compression  Strength 
(ksl) 

Ind 

Avg 

1-164 

0.024 

5 

<0.001 

8.9 

IM6/3100 

1-16-5 

0/100/0 

0.025 

5 

<0.001 

9.3 

9.0 

1-16-6 

0.024 

5 

0.001 

8.8 

1-1 2A4 

0.044 

5 

0.004 

12.3 

IM6/3100 

1-12A-5 

0/100/0 

0.045 

5 

0.004 

12.5 

12.1 

1-12A-6 

0.045 

5 

0.003 

11.6 

1-174 

0.069 

5 

0.004 

13.3 

IM6/3100 

1-17-5 

0/100/0 

0.069 

5 

0.004 

12.1 

12.2 

1-17-6 

0.069 

5 

0.004 

11.2 

1-184 

0.025 

5 

0.020 

16.3 

IM6/3100 

1-18-5 

50/0/50 

0.025 

5 

<0.001 

20.5 

18.8 

1-18-6 

0.025 

5 

0.002 

19.6 

1-14A4 

0.046 

5 

0.004 

272 

IM6/3100 

1-14A-5 

50/0/50 

0.047 

5 

0.003 

24.5 

23.5 

1-14A-6 

0.046 

5 

0.004 

28.4 

1-194 

0.066 

5 

0.004 

20.5 

I.V)  6/3100 

1-19-5 

50/0/50 

0.065 

5 

0.004 

18.7 

17.6 

1-19-6 

0.066 

5 

0.004 

13.7 

2-164 

0.021 

5 

0.001 

8.1 

IM8/F65Q 

2-18-5 

0/100/0 

0.022 

5 

0.001 

8.1 

6£ 

2-16-6 

0.021 

5 

0.001 

8.1 

2-12A4 

0,043 

5 

0.004 

9.3 

IM6/F650 

2-12A-5 

0/100/0 

0.044 

5 

0.004 

9.1 

9.4 

2-12A-6 

0.043 

5 

0.004 

9.6 

2-174 

0,063  * 

5 

0.005 

9.2 

IM8/F650 

2-17-5 

0/100/0 

0,085 

5 

0.005 

10.3 

9.7 

2-17-6 

0.064 

5 

0.005 

9.7 

2-184 

0.022 

5 

0.015 

10.6 

IM6/F850 

2-18-5 

50/0/50 

0.022 

5 

0.015 

11.7 

11.8 

.  2-164 

0.022 

5 

0.010 

12.5 

2-1 4  A4 

0.044 

5 

0.005 

18.9 

IM6/F650 

2-14A-5 

50/0/50 

0.044 

5 

0.004 

20.0 

202 

2-14A-6 

0.043 

5 

0.005 

21.7 

2-194 

0.062 

5 

0.004 

16.0 

IM8/F850 

2-19-5 

50/0/50 

0.062 

5 

0.004 

14.4 

15.7 

2-19-6 

0.062 

6 

0.004 

16.6 

OMMMMt'T 

Ftgura  134.  Thin  lamlnata  Damage  Data  for  £TW  Conditions 
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The  final  category  of  impact  testing  was  visible  damage.  In  this  set  of 
tests,  panels  were  impacted  with  energy  sufficient  to  cause  a  0.1  inch  dent, 
but  not  exceeding  100  ft-lbs.  The  data  in  Figures  135  and  136  show  that 
under  similar  impact  conditions  both  IM6/3100  and  IM6/F650  exhibited-  similar 
dent  depths.  The  residual  compression  strength  of  IM6/3100  was  superior  to 
IM6/F650  for  all  cases. 


Material 

Specimen 

Number 

Layup 

Thickness 

(In.) 

Impact 

Energy 

(ft-ib) 

Dent 

Depth 

(In.) 

Residual 

Compression  Strength 
(ksl) 

Ind 

Avg 

1-12-7 

0.115 

80 

0.145 

17.4 

IM6/3100 

1-12-8 

10/80/10 

0.113 

60 

0.200 

20.1 

1-12-9 

0.115 

45 

0.112 

19.6 

1-11-7 

0.223 

130 

0.080 

15.4 

IM6/3100 

1-11-8 

10/80/10 

0.222 

100 

0.083 

16.3 

16.0 

1-11-9 

0.223 

100 

0.091 

16.4 

1-13-7 

0.450 

100 

0.016 

19.4 

IM6/3100 

1-13-8 

10/80/10 

0.448 

100 

0.017 

20.2 

20.0 

1-13-9 

0.451 

100 

0.018 

20.3 

1-14-7 

0.110 

45 

0.120 

27.3 

IM6/31 00 

1-14-8 

50/40/10 

0.110 

45 

0.100 

29.8 

28.4 

1-14-9 

0.110 

45 

0.118 

28.1 

1-20-7 

0.223 

100 

0.087 

21.8 

IM6/3100 

1-20-8 

50/40/10 

0.224 

100 

0.103 

23.0 

22.3 

1-20-9 

0.224 

100 

0.110 

22.1 

1-15-7 

0.453 

100 

0.020 

28.6 

IM6/3100 

1-15-8 

50/40/10 

0.452 

100 

0.018 

27.3 

27.9 

1-16-9 

0.449 

100 

0.021 

27.9 

2-12-7 

0.107 

55 

0.110 

10.8 

IM6/F650 

2-12-8 

10/80/10 

0.108 

55 

0.095 

11.2 

10.6 

2-12-9 

0.107 

55 

0.096 

9.9 

2-11-7 

0.218 

100 

0.049 

9.8 

IM6/F650 

2-11-8 

10/80/10 

0.216 

100 

0.078 

10.3 

10.7 

2-11-9 

0.218 

100 

0.072 

12.0 

2-13-7 

0.436 

100 

0.028 

13.9 

IM8/F650 

2-13-8 

10/80/10 

0.437 

100 

0.030 

14.0 

14.1 

2-13-9 

0.440 

100 

0.021 

14.4 

2-14-7 

0.111 

45 

0.105 

19.9 

IM8/F850 

2-14-8 

50/40/10 

0.112 

45 

0.090 

18.8 

20.7 

2-14-9 

0.112 

45 

0.085 

23.4 

2-20-7 

0.218 

100 

0.049 

18.9 

IM6/F650 

2-20-8 

50/40/10 

0.219 

100 

0.040 

18.0 

17.4 

2-20-9 

0.220 

100 

0.087 

17.3 

2-15-7 

0.441 

100 

0.027 

20.0 

IM8/F650 

2-15-8 

50/40/10 

0.439 

100 

0.030 

16.8 

20.1 

2-15-9 

0.440 

100 

0.030 

20.4 

Figure  135.  Visible  Damage  Data  (or  RTD  Conditions 
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Material 

Specimen 

Number 

Layup 

Thickness 

(In.) 

Impact 

Energy 

(ft-lb) 

Dent 

Depth 

(in.) 

Compression  Strength 
(ksl) 

Ind 

Avg 

1-12-10 

0.114 

100 

Hole 

14.2 

IM6/31 00 

1-12-11 

10/80/10 

0.114 

60 

0.130 

14.5 

— 

1-12-12 

0.114 

60 

0.130 

14.4 

1-11-10 

0.222 

100 

0.093 

13.6 

IM6/310O 

1-11-11 

10/80/10 

0.223 

100 

0.096 

15.0 

14.4 

1-11-12 

0.223 

100 

0.091 

14.7 

1-13-10 

0.452 

100 

0.019 

15.5 

IM6/3100 

1-13-11 

10/80/10 

0.452 

100 

0.015 

15.8 

15.4 

1-13-12 

0.452 

100 

0.017 

14.9 

1-14-10 

0.109 

45 

0.101 

20.9 

IM6/3100 

1-14-11 

50/40/10 

0.109 

45 

0.120 

21.8 

23.0 

1-14-12 

0.109 

45 

0.122 

26.3 

1*20-10 

0.222 

100 

0.094 

22.4 

IM6/3100 

1-20-11 

50/40/10 

0.225 

100 

0.090 

18.1 

18.9 

1-20-12 

0.224 

100 

0.086 

16.2 

1-15-10 

0.454 

100 

0.020 

2 22 

IM6/3100 

1-15-11 

50/40/10 

0.452 

100 

0.020 

21.7 

22.7 

1-15-12 

0.448 

100 

0.021 

24.3 

2-12-10 

0.107 

100 

Hole 

10.2 

IM6/F650 

2-12-11 

10/80/10 

0.106 

45/45 

0.067/0.110 

9.2 

— 

2-12-12 

0.106 

45/45 

0.080/0.130 

11.0 

2-11-10 

0.215 

100 

0.047 

10.1 

IM6/F650 

2-11-11 

10/80/10 

0.217 

100 

0.045 

9.4 

9.1 

2-11-12 

0.218 

100 

0.065 

7.9 

2-13-10 

0.437 

100 

0.026 

10.9 

IM6/F650 

2-13-11 

10/80/10 

0.431 

100 

0.027 

11.8 

113 

2-13-12 

0.438 

100 

0.029 

11.0 

2-14-10 

0.111 

45 

0.085 

18.7 

IM6/F65Q 

2-14-11 

50/40/10 

0.110 

45 

0.086 

17,3 

17.1 

2-14-12 

0.110 

45 

0.083 

153 

2-20-10 

0.218 

100 

0.045 

15.1 

IM8/F650 

2-20-11 

50/40/10 

0.217 

100 

0.077 

14.1 

14.6 

2-20-12 

0.216 

100 

0.052 

14.2 

2-15-10 

0.440 

100 

0.027 

15.6 

IM8/F6S0 

2-15-11 

50/40/10 

0.436 

100 

0.028 

15.5 

15.7 

2-16-12 

0.436 

100 

0.027 

18.1 

Figure  13d.  Visible  Damage  Data  tor  ETW  Conditions 
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Figures  137  and  138  summarize  the  residual  compression  strengths  of  both 
material  systems.  In  each  figure,  the  maximum  strength  shown  is  the  RTD 
unnotched  strength.  For  10/80/10  and  50/40/10  laminates  the  impact  damage 
degradation  is  greater  than  environmental  (ETW)  degradation.  Figure  138  shows 
that  both  non-visible  and  visible  impact  damage  degradation  is  greater  than 
the  combination  of  environmental  (ETW)  and  notched  degradation;  notched  data 
was  available  from  testing  in  this  program  only  for  50/40/10  laminates. 
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Figure  137.  Residual  Compression  Strength  In  10/80/10  Laminates 
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Figure  138.  Residual  Compression  Strength  In  50/40/10  Laminates 
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SECTION  5. 


TASK  IV s  STRUCTURAL  ELEMENT  DESIGN  AND  TESTING 

5.1  Summary  and  Conclusions  -  In  the  earlier  Tasks,  the  better  bismaleimide 
composite  was  determined  to  be  IM6/31Q0.  This  material  was  used  to  fabricate 
ei-ght  stiffened  panels  .for  static  and  fatigue  testing.  Four  of  the  eight 
panels  were  impacted  in  three  locations.  Impact  energies  were  sufficient  to 
cause  non-visible  damage  with  surface  dent  depths  of  less  than  0.01  inch. 

Static  test  results  showed  that  the  non-visible  impact  damage  reduced 
RTD  compression  strength  to  74  percent  of  the  undamaged-  RTD  compression 
strength.  Exposing  a  wet  (0.71  percent  moisture  content)  undamaged  panel  to 
elevated  temperature  (360°F)  reduced  the  compression  strength  to  72  percent 
of  the  undamaged  RTD  compression  strength.  Impacting  »  panel,  moisturizing 
it  to  0.71  percent  moisture  content  and  testing  it  at  360°F  reduced  the 
compression  strength  to  56  percent  of  the  undamaged  RTD  compression  strength. 

Fatigue  test  results  showed  that  the  non-visible  impact  damage  did  not 
grow  significantly  during  fatigue  cycling.  This  was  illustrated  by  A-scans 
of  damage  area  and  strain  gage  data  recorded  between  fatigue  blocks.  The 
lack  of  significant  growth  during  fatigue  cycles  correlated  with  the  crack 
growth  data  collected  during  Task  II  fracture  toughness  fatigue  testing. 
That  data  showed  that  crack  growth  curves  for  XM6/3100  Mode  I,  mixed  mode, 
and  Mode  II  testing  were  steep.  The  threshold  energy  level  was  nearly  equal 
to  the  critical  energy  level,  Indicating  that  delamination  growth  would  not 
occur  until  critical  energy  levels  were  developed.  This  behavior  was  appar¬ 
ent  as  damaged  fatigue  panels  failed  during  increases  in  maximum  fatigue 
loads,  during  strain  surveys  between  fatigue  cycie  blocks. 

5.2  Bismaleimide  Material  delection  -  Based  on  test  results  from  Task  II  and 
III,  IM6/3100  was  selected  as  the  material  for  panel  fabrication  and  testing 
in  Task  IV.  Moisture  absorption  and  glass  transition  temperature  testing 
indicated  that  XM6/F6S0  would  have  50*F  more  hot/wet  temperature  capability 
than  IH6/3100.  Testing  both  materials  under  this  assumption  has  shown  that 
IM6/31Q0  is  superior  to  IN6/F6S0.  The  advantage  of  higher  temperature  capa¬ 
bility  attributed  to  IM6/F650  wes  not  realized. 
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The  resistance  to  microcracking  due  to  thermal  spiking  was  greater  for 
IM6/3100  than  for  IM6/F650.  Dry  laminates  for  both  material  systems  showed 
no  resin  raicrocracks  after  thermal  spiking.  Wet  IM6/3100  laminates  also 
showed  no  resin  microcracks.  In  contrast,  wet  IM6/F650  laminates  did  show 
microcracks  after  thermal  spiking. 

Lamina  mechanical  properties  of  IM6/3100  at  room  temperature  dry  (RTD) 
and  cold  temperature  dry  (CTD)  conditions  were  generally  superior  to 
IM6/F650.  Under  elevated  temperature  wet  (ETW)  conditions  the  IM6/3100 
material  system  suffered  less  degradation  than  the  IM6/F650  system.  The 
IM6/310Q  retained  51  percent  of  RTD  0°  compression  strength  and  IM6/F650 
retained  only  42  percent.  The  IM6/3100  retained  84  percent  of  RTD  intra¬ 
laminar  shear  strength  and  IM6/F650  retained  only  59  percent. 

The  fracture  toughness  of  IM6/3100  was  superior  to  IM6/F650.  Under  CTD 
and  RTD  conditions  IM6/3100  was  approximately  1.5  times  as  tough  as  IM6/F650. 
Under  ETW  conditions  the  IM6/31Q0  toughness  increased  and  the  IM6/F650 
toughness  decreased  resulting  in  an  IM6/310C  toughness  that  was  more  than  2 
times  greater  than  IM6/F650. 

Laminate  property  tests  have  shown  that  the  superiority  of  IM6/3100 
lamina  properties  has  translated  into  superior  laminate  properties.  The  CTD 
unnotched  tension  strength  of  fiber  dominated  IM6/3100  laminates  was  13 
percent  greater  than  that  of  IM6/F650.  The  RTD  unnotched  tension  strength  of 
IM6/3100  was  5  percent  greater  than  that  of  IM6/F650. 

The  CTD  unloaded  hole  compression  strength  of  fiber  dominated  XM6/3100 
laminates  was  6  percent  greater  than  that  of  IM6/F650.  The  RTD  unloaded  hole 
compression  strength  of  ZM6/3100  was  9  percent  greater  than  that  of  IM6/F650. 
The  superiority  of  IM6/3100  in  this  case  has  translated  into  improved  fatigue 
capability  and  durability  which  has  been  observed  during  unloaded  hole 
fatigue  tests. 

Low- velocity  impact  damage  test  results  also  showed  the  superiority  of 
IM6/3100  to  IM6/F650.  Data  from  non-visible,  thin  laminate,  and  visible 
damage  tests  of  fiber  dominated  laminates  and  matrix  dominated  laminates 
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showed  that  the  residual  compression  strength  of  IM6/3100  was  between  30 
percent  and  50  percent  higher  than  that  of  IM6/F650. 

5.3  Testing  and  Evaluation  -  Eight  tests  to  evaluate  the  effect  of  low 
velocity  impact  damage  were  performed.  Four  static  tests  determined  residual 
compression  strength  of  impacted  panels.  Four  fatigue  tests  determined 
residual  life  of  impacted  panels. 

5.3.1  Panel  Fabrication  -  The  eight  panels  fabricated  for  Task  IV 
testing  were  multibay  and  incorporated  both  longitudinal  and  transverse 
integral  stiffeners  as  shown  in  Figure  139.  Longitudinal  stiffening  simula¬ 
ting  fuselage  longerons  was  provided  by  integral  hat  stiffeners  layed  up  as 
shown  in  Figure  140,  at  6.5  inch  centers.  Transverse  stiffening  representing 
fuselage  frames  was  provided  by  blade  stiffeners  layed  up  as  shown  in  Figure 
141,  with  16  inch  spacing.  The  skin  bays  were  matrix  dominated  with  a  layup 
of  (+45,  -45,  0,  90,  0,  -45,  +45).  The  outer  two  +45°  plies  were  cloth  and 
the  inner  five  plies  were  tape. 
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Figure  139.  Teat  tami  Configuration 
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To  stabilize  the  panels  during  longitudinal  compression  loading,  the 
panels  had  end  plates  bonded  onto  the  loading  ends  prior  to  testing. 

5.3.2  Test  Matrix  -  Eight  panels  were  tested  according  to  the  test 
matrix  in  Figure  142.  Static  compression  testing  was  conducted  at  two 
environmental  conditions,  RID  and  ETW.  One  undamaged  and  one  damaged  panel 
was  tested  in  each  of  the  two  environments  to  determine  the  strength  reduc¬ 
tion  due  to  low  velocity  impact  damage.  Static  testing  was  performed  in  a 
100,000  lb.  HTS  machine.  The  test  set  up  is  shown  in  Figure  143. 

Fatigue  tests  were  conducted  under  constant  amplitude  (R  «*  10)  compres¬ 
sion  loading  at  RTD  conditions.  Two  undamaged  and  two  damaged  panels  were 
tested  to  determine  the  life  reduction  due  to  low  velocity  impact  damage. 
Each  fatigue  test  was  performed  in  blocks  of  1,250  cycles  with  bach  block  run 
at  an  increased  load  level  to  insure  failure  in  the  range  of  1,000  to  10,000 
cycles.  The  fatigue  block  load  levels  are  summarized  in  Figure  144.  The 
schedule  in  Figure  144  was  determined  by  considering  initial  buckling  of  the 
undamaged  static  specimen,  ultimate  failure  of  the  undamaged  static  specimen, 
and  ultimate  failure  of  the  damaged  static  specimen.  Initial  buckling 
occurred  at  approximately  50  percent  of  the  undamaged  ultimate  load.  Failure 
of  the  damaged  panel  occurred  at  74  percent  of  the  undamaged  ultimate  load. 
After  each  block  of  cycling,  A-scans  of  impact  damaged  areas  were  performed 
to  document  impact  damage  growth.  Fatigue  testing  was  also  performed  in  a 
100,000  lb.  MTS  machine. 
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Number * 
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Oamaoe 
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Suite  Fatigue 

RTD 

ETW 

7 

X 

X 

Undamaged 

6 

X 

X 

Damaged 

5 

X 

X 

Undamaged 

1 

X 

X 

Damaged 

2  and  4 

X 

X 

Undamaged 

3  and  8 

X 

X 

Damaged 

Figure  142.  Teak  IV  Test  Matrix 
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Block 

Number 

Cycles 

Pmw 

(kips) 

%  Static 

Undamaged  Strength 

1 

1,250 

16.1 

45 

2 

1,250 

19.6 

55 

3 

1,250 

23.2 

65 

4 

1,250 

26.8 

75 

5 

1,250 

32.1 

90 

Load  ratio,  R  =-~^  =  10  (compraation  only) 

''min 

Cycla  Iraquancy  *  1  H* 

Static  undamagad  ultimata  load  a  337  ktpa 
Static  damapad  ultimata  load =28J  Idea 

a?  n  aaaa  t.t 

Figure  144.  RTO  Fatigue  Test  Schedule 

5.3.3  Environmental  Conditioning  -  Panels  tested  at  the  EIW  condition 
were  preconditioned  to  a  moisture  content  of  0.71  percent  by  weight.  The 
moisture  level  was  predicted  in  Task  11  to  be  the  end-of-life  moisture 
content  of  an  F-1S  wing  skin  exposed  to  a  20  year  basing  scenario. 

In  Task  II,  glass  transition  temperature  (Tg)  teste  determined  that  an 
IM6/3100  laminate  with  a  moisture  content  of  0.71  percent  had  a  T  of  408 •?. 
With  a  buffer  of  50*P,  the  temperature  for  IH6/3100  BTW  tests  was  360* F.  For 
environmental  tests,  an  enclosing  manifold  was  placed  around  the  panel  so 
that  a  controlled  temperature  was  maintained  during  the  test.  The  test  setup 
with  environmental  chamber  is  shown  in  Figure  145. 

5.3.4  Introduction  of  Impact  Damage  -  Low  velocity  impact  damage  was 
induced  on  the  outer  mold  line  of  four  panele  at  three  critical  locations  as 
shown  in  Figure  146.  These  locations  were  selected  in  order  to  investigate 
impact  damage  effects  on  thick  structure  (stiffener  land)  thin  structure 
(skin  bay),  and  transitional  structure  (*tiff«ner-to-skin  taper).  The  energy 
levels  used  for  introducing  impact  damage  into  the  panels  were  sufficient  to 
create  nonvisible  damage  (approximately  0.01  inch  surface  dent).  This  test 
program  simulated  the  scenario  in  which  fusalage  structure  is  subjected  to 
damage  from  debris  kicked  up  during  takeoff  and  landing  but  the  damage  is  not 
severe  enough  to  be  visible  during  walk-around  inspection. 
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Figure  145.  Environmental  Chamber  lor  ETW  Tests 
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Figure  146.  Outer  Mold  Una  Impact  Loeationa  and  Energy  Levels 


5.3.5  Data  Analysis  (Static)  -  The  panel  design  includes  longitudinal 
stiffeners  that  were  sized  to  carry  a  majority  of  the  compression  loading. 
As  a  result,  the  failure  mode  of  the  panels  was  stiffener  crippling  accom¬ 
panied  by  stiffener  separation  as  shown  in  Figure  147.  Ultimate  loads  for 
the  four  stat  ic  tests  are  summarized  in  Figure  148.  In  order  to  predict 
panel  compression  strength,  the  hat  stiffener  crippling  strength  was  calcu¬ 
lated.  Because  the  slenderness  ratio,  L'/p,  of  the  stiffener  section  was 
greater  than  20,  column  behavior  was  accounted  for  and  a  correction  to  the 
predicted  crippling  strength  was  made  using  the  Johnson-Euler  equation.  The 
damaged  panel  compression  strength  was  predicted  by  accounting  for  the  degree 
of  delaroination  of  the  stiffener  from  the  skin.  In  the  oase  of  impact 
damaged  panels,  A -scans  of  damage  area  determined  the  degree  of  stiffener 
delamination. 
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Figure  147.  Stiffened  Panel  Failure  Including 
Stiffener  Crippling  and  Separation 
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(kips) 

%  RTD 
Undamaged 
Ultimate 
Load 

7 

RTD 

Undamaged 

35.7 

100 

6 

RTD 

Damaged 

.  26.5 

74 

5 

ETW 

Undamaged 

25.7 

72 

1 

ETW 

Damaged 

20.1 

56 
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Figure  148.  Ultimate  Loads  for  Static  Panel  Tests 

The  hat  stiffener  crippling  strength  was  calculated  using  a  technique 
developed  at  MCAIR.  The  calculation  involves  the  summation  of  crippling 
strengths  of  elements  contributing  to  the  total  stiffener  crippling  strength. 
The  summation  equation  has  the  form, 

«■ .  A  F*cc 

n 

i£l  Ai 
cc 

where  F  “  section  crippling  strength 

CC 

■  element  crippling  strength 
n  »  number  of  elements 
■  element  area 

Element  crippling  strengths  were  determined  from  crippling  curves  shown  in 
Figure  149 .  The  curves  are  for  no-edge-free  and  one-edge-free  elements.  The 
crippling  calculations  are  tabulated  in  Figure  150  for  RTD  and  ETW  condi¬ 
tions.  In  both  cases,  the  hat  stiffener  was  modeled  with  6  elements.  Lamin¬ 
ate  properties  (Ejj,  E^,  and  F^u)  were  calculated  using  lamina  properties 
determined  in  Task  XI.  E  was  determined  by  the  equation) 

E  a  12  (1  "  vxy  vyx)  D11 

t3 

whore 

v  ,  v  -  laminate  Poisson's  ratios 
xy  yx 

*  flexibility  term  from  laminate  "ABD"  matrix 
t  *  laminate  thickness 
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No-Edgt-Frta 


QPM-OMMI-O 


Flgura  149.  Nondlmanalonal  Crippling  Cuivm  for  No-Edga-Fraa 
and  OnfrEdganFraa  EJamanta 


RTD  Crippling  Analysis 


Element 

b 

(in.) 

t 

(In.) 

ecu 

rx 

(ksi) 

E* 

(msi) 

3 

("»0 

E 

(msi) 

b  /r1 

E 

F*  S 

F*® 

(ksi) 

p« 

(H>) 

1  vVe*!*1 

3 

Ff  I 

1 

0.50 

0.0836 

66.5 

6.14 

7.98 

6.04 

0.57 

57.6 

2.410 

2 

1.50 

0.0992 

62.9 

5.80 

10.66 

5.78 

1.35 

5.970 

3 

0.50 

0.0836 

66.5 

6.14 

7.98 

6.04 

0.57 

0.88 

57.6 

2.410 

4 

1.26 

0.0384 

88.8 

8.23 

4.07 

5.39 

2.66 

0.37 

21.5 

5 

1.26 

0.0384 

88.8 

8,23 

4.07 

5.39 

2.66 

0.37 

21.5 

6 

1.15 

0.0904 

177.7 

16.44 

3.00 

11.26 

1.38 

0.62 

75.5 

7,850 

Total  Area 

-0.433  In.2 

Total 

-20.720 

ETW  Crippling  Analysis 


Element 

b 

(In.) 

t 

(In.) 

F®" 

» 

(ksi) 

E* 

(mil) 

E* 

(msi) 

E 

(msi) 

b  n f1 

? 

K 

F**  EJ 

F" 

(ksi) 

r“ 

(lb) 

t  J  Ve*E®' 

*  v 

F"  ? 

i  * 

1 

0.50 

0.0836 

29.3 

5.61 

7.66 

5.43 

0.39 

1.00 

28.4 

1,190 

2 

1.50 

0.0992 

27.8 

5.34 

10.64 

5.29 

0.91 

0.88 

24.2 

3.600 

3 

0.50 

0.0836 

29.3 

5.61 

7.66 

5.43 

0.39 

1.00 

28.4 

1.190 

4 

1.26 

0.0384 

39.7 

7.64 

3.39 

4.72 

1.79 

0.51 

12.5 

600 

5 

1.26 

0.0384 

39.7 

7.64 

3.39 

4.72 

1.79 

0.51 

12.5 

600 

6 

1.15 

0.0904 

87.9 

16,91 

2.26 

11.23 

1.01 

0.81 

47.3 

4,920 

Total  Area-0.433  In.2  Total- 12.100 


Figure  160.  RTO  and  ETW  Crippling  Analyse*  of  Hat  Stiffener 
Modeled  With  6  Elements 
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Corrections  for  column  behavior  were  calculated  with  the  Johnson-Euler 


Equation: 

Fc  =  Fcc  -  UEZL  (L'/p)2 
4it2E 


where 


E 

L' 


P 

L'/p 


=  stiffener  failing  strength 
=  stiffener  crippling  strength 
=  average  stiffener  modulus 

=  L/ 1-5  =  effective  stiffener  length  (assuming  fixity  (1.5)  is 
half  way  between  simply  supported  (1)  and  clamped  (2)). 

=  radius  of  gyration 
*  slenderness  ratio 


The  results  of  the  calculations  are  tabulated  in  Figure  151  for  RTD  and 
ETW  conditions. 


pec 

Owl) 

E 

(m«0 

VIP 

F® 

(ksl) 

RTO 

47.8 

8.23 

26.3 

42.9 

18.6 

ETW 

27.9 

7.64 

28.2 

28,1 

11,3 

Tots)  Area  k  0.433  In* 

F°  a  P*  -  ((FM)*M  **£]  (L'/p)* 

ONUMIM 

Figure  151.  Column  Strength  Correction  Resuite 

Under  RTD  conditions,  the  undamaged  stiffener  failing  load  was  predicted 
to  be  18,580  lbs.  The  total  failing  load  for  2  stiffeners  is  37,160  lbs. 

This  prediction  was  4  percent  higher  than  the  actual  failing  load  of  3S,700 
lbs.  The  damaged  panel  failing  load  was  predicted  to  be  23,070  lbs.  by 
assuming  elements  1,  2.  and  3  of  one  stiffener  and  element  1  of  the  other 
stiffener  did  not  contribute  to  the  strength.  This  assumption  was  made  based 
on  A-scans  of  impact  damage  prior  to  compression  testing.  Figure  152  shows 
the  damage  area  that  was  located  across  the  width  (flange-to-flange)  of  the 
left  hat  stiffener  and  over  only  one  flange  of  the  right  hat  stiffener.  This 
prediction  was  10  percent  lower  than  the  actual  failing  load  of  26,500  lbs. 
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Figure  1S2.  Impact  Damage  Referenced  to  Longitudinal  Hat  Stiffeners 


Similar  calculations  were  made  for  £TW  tests  of  damaged  and  undamaged 
panels.  The  undamaged  panel  ultimate  load  prediction  of  22,610  lbs.  was  12 
percent  lower  than  the  actual  failing  load  of  25,700  lbs.  The  predicted 
damaged  panel  failing  load  of  15,440  lbs.  was  23  percent  lower  than  the 
actual  failing  load  of  20,100  lbs.  These  results  are  summarised  in  Figure 
153. 
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Figure  1 53.  Crippling  Load  Predictions 
(or  Undamaged  and  Damaged  Panola 


5.3.6  Data  Analysis  (Fatigue)  -  As  shown  in  Figure  144,  fatigue  testing 
was  performed  in  blocks  of  1,250  cycles.  The  first  fatigue  block  was  run  at 
45  percent  of  the  undamaged  ultimate  load.  The  next  three  blocks  were  run  at 
increasing  increments  of  10  percent  up  to  75  percent  of  the  undamaged  ulti¬ 
mate  load.  In  the  case  of  panel  #4,  a  fifth  block  was  started  at  90  percent 
of  the  undamaged  ultimate  load.  Fatigue  lives  for  the  four  fatigue  panels 
are  summarized  in  Figure  154, 


Panel 

Number 

Impact  Damage 
Condition 

Cycle  a  to 
Failure 

Comment 

2 

Undamaged 

3,426 

Fatted  926  oyo'es  Into 

3rd  Fatigue  Block  With 
Maximum  Load  of  232  kips 
(85*4  of  Ultimate) 

4 

Undamaged 

5,174 

Failed  174  cycles  Into 

5th  Fatigue  Block  With 
Maximum  Load  of  32.1  kips 
(90*4  of  Ultimate) 

3 

Damaged 

3,750 

Failed  at  25.3  kips  During 
ths  4th  Strain  Survey  to 

262  kips  (75%  of  Ultimate) 

8 

Damaged 

2,500 

Failed  at  22.8  kips  During 
the  3rd  Strain  Survey  to 

23.2  kips  (85%  of  Ultimate) 

Figure  154.  Panel  Fatigue  Teat  Results 
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Between  cycle  blocks,  all  the  panels  were  strain  surveyed  in  order  to 
monitor  changes  in  panel  response  due  to  fatigue.  Gages  were  mounted  on  the 
panels  as  shown  in  Figure  155.  All  odd  numbered  gages  were  located  on  the 
outer  mold  line.  All  even  numbered  gages  were  located  on  the  inner  mold 
line. 


» 


oninrmn  n 

Figure  155.  Strain  Gaga  Locations 


In  addition  to  being  strain  surveyed,  impact  damaged  panels  (Numbers  3 
and  8)  were  A-scanned  between  cycle  blocks  to  determine  impact  damage  growth 
due  to  fatigue.  Figures  156  and  157  show  damage  histories  for  Panel  3  and  8 
respectively.  Figures  156  and  157  show  that  the  impact  damage  was  located 
such  that  back-to-back  gage  pairs  1,2  and  4,5  were  on  or  near  delamination 
edges.  Back-to-back  gages  6,7  were  closer  to  the  center  of  a  delamination. 
The  figures  also  show  that  there  was  very  little  damage  growth  in  Panel  3  and 
no  damage  growth  in  Panel  8  prior  to  failure.  This  behavior  correlates  with 
crack  growth  data  from  Task  IX.  That  data  showed  that  the  crack  growth 
curves  for  both  bismaleimides  were  steep,  with  the  growth  threshold  nearly 
equal  to  the  critical  strain  energy  release  rate. 
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□  Original  Damage 
GS  Damage  After  Blocks  *1  and  <2 
Q  Damage  After  Block  *3 


omeeiMeo 

Figure  156.  Damage  aa  Viewed  Rom  Outer  Hold  Una  of  Pane)  #3 


■Slilfener 

Weoa 


Figure  167.  Damage  aa  Viewed  From  Outer  Mold  Una  of  Panel  *8 


Strain  survey  data  also  indicated  that  there  was  little  change  in  the 
panel  damage  state  prior  to  failure.  Figures  158  through  160  show  the  strain 
surveys  for  each  of  the  three  back-to-back  gage  pairs  (1,2  4,5  6,7)  on  Panel 
7 .  The  strain  response  of  the  panels  was  consistent  from  survey  to  survey. 
Slight  deviations  were  evident  for  final  surveys  in  which  failure  did  occur. 
Note  that  the  surveys  in  Figures  158  and  159  show  less  divergence  than  that 
in  Figure  160.  This  can  be  explained  by  the  fact  that  gages  6  and  7  (data  in 
Figure  160)  were  located  in  the  middle  of  a  delamination  where  local  buckling 
occurred  and  gage  pairs  1,2  and  4,5  (data  in  Figures  158  and  159)  were 
located  at  a  delamination  edge  where  buckling  did  not  occur. 


Panel  No.  3  Strain  Surveys 


Figure  151  Strain  Surveys  of  Strain  Gages  1  and  2  of  Partef  No.  3 
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Pantl  No.  3  Strain  Survaya 
Gagat 4  and  S 


Q  0*9*  No  4  Initial  survey 

a  0*9*  No.  5  Imutl  survey 

O  0*9*  No.  4  Jrd  survey 

0  0*9*  No.  5  3nd  survey 

•  0*9*  NO.  4  JrO  survey 

X  0*9*  No.  S  3rd  survey 

X  0*0*  No  4  4ih  survey 

♦  1 

Sag*  No  S  *Ui  survey 

1 

1 

Strain  (InJln.) 

Figure  159.  Strain  Survey#  ol  Strain  Gage*  4  end  5  of  Panel  No.  3 


Nm)  No.  3  Strain  Sumy* 

Oagaalandr 


■■■■MM 

MB— 


Q  a««4Ho  (  SM.*t 

O  <J»*4  M  tM 

•  GlOWtNM) 

*  0*9*  Met  t  *U>  wr  **» 


•  0*9*  No  r  u*r>*r  *w*»* 
o  a*a»M*  t  Mwnft 
X  a*0*  **«  r  ,«  venwv 

♦  a*a«M*  r  «**-***■ 


Swam  fmjifl.t  ,rtttttt.r 

Rgura  160.  Strain  Sunraya  ol  Strain  Gages  6  and  7  ol  Panel  No.  3 

4B 


Panel  8  exhibited  similar  behavior.  Figures  161  through  163  show  the 
strain  surveys  for  back-to-back  pairs  1,2  4,5  and  6,7  on  Panel  8.  Again  the 
surveys  illustrate  consistent  behavior  until  slight  deviations  occur  during 
the  final  survey.  Also,  buckling  behavior  was  exhibited  at  gage  pair  6,7  and 

not  at  pairs  1,2  and  4,5. 

a 

» 


Panel  No.  8  Strain  Surveys 


Plfiuro  161.  Strain  Surveys  ol  Strain  Gages  1  and  2  of  Pinal  No.  8 
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SU»i/i  lin/tn.) 


Figure  163.  Strain  Surety*  ol  Strain  Sag**  6  and  7  of  P*n*l  No.  6 


I 


5.3.7  Discussion  of  Results  -  Static  and  fatigue  test  results  are 
summarized  in  Figure  164.  Static  results  show  that  the  crippling/column 
analyses  produced  conservative  predictions  for  all  cases  except  the  undamaged 
RTD  test,  where  the  analysis  was  unconservative  by  4  percent.  When  either 
damage  or  ETW  conditions  were  involved,  the  analysis  was  conservative  by 
approximately  10  percent.  When  both  damage  and  ETW  conditions  were  involved 
the  analysis  was  conservative  by  approximately  30  percent.  The  analysis  was 
reasonably  accurate  except  in  the  damage/ ETW  case.  Apparently  the  crippling/ 
column  analysis  was  not  rigorous  enough  to  correctly  account  for  both  impact 
damage  and  ETW  conditions. 


Static  Results 


Damage 

Environment 

Ultimate  Load  (kips) 

Predicted  Test 

A%  Test-Predicted 
Prediction 

No 

RTD 

37.2 

35.7 

-4 

Yes 

RTD 

24.0 

26.5 

+  10 

No 

ETW 

22.6 

25.7 

+  14 

Yes 

ETW 

15.4 

20.1 

+  31 

Fatigue  Results 


Damage 

Peak  Load 
at  Failure 
(kip*) 

%  of  Ultimate 
(Ultimate  «  36.7  kips) 

No 

23.2 

65 

No 

32.1 

90 

Yes 

26.8 

75 

(100%  Damaged  Ultimate) 

Yes 

23.2 

65 

(87%  Damaged  Ultimate) 

aNM0H-»T 


Figure  164.  Summery  of  Static  end  Fatigue  Results 

Fatigue  results  show  that,  except  for  one  case,  the  panels  survived 
until  peak  loads  were  increased  to  approximately  90  percent  of  the  undamaged 
ultimate  load  (or  90  percent  of  the  damaged  ultimate  load  in  the  case  of 
damaged  panels).  The  exception  where  an  undamaged  panel  failed  at  peak  loads 
of  65  percent  of  the  ultimate  load  was  noteworthy.  The  behavior  reinforces 
questions  of  the  reliability  of  cocured  structure.  The  failure  at  65  percent 
of  ultimate  may  be  a  result  of  imperfect  bonding  of  cocured  stiffeners. 

Before  cocured  structures  can  be  effective,  mote  work  must  be  done  to  develop 
effective  analyses  to  determine  the  translaminar  capability  of  composite 
laminates  with  cocured  elements. 
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SECTION  6. 


CONCLUSIONS  AND  RECOMMENDATIONS 

In  this  program  a  large  data  base  of  material  properties  was  developed 
for  two  second  generation  bismaleimide  composite  systems.  The  test  program 
sufficiently  defined  the  materials,  and  existing  analytical  techniques  proved 
to  be  as  effective  for  bismaleimide  matrix  composites  as  they  were  for  epoxy 
matrix  composites. 

IM6/3iOO  was  found  to  be  tougher  than  IM6/F650.  IM6/3100  exhibited 

toughness  as  great  as  the  toughness  of  the  baseline  epoxy  system  AS1/3501-6. 
Under  similar  conditions,  impact  damage  in  panels  made  with  3100  resin  has 
been  shown  to  be  similar  to  damage  in  panels  made  with  3501-6  resin.  While 
the  test  procedures  used  to  determine  toughness  and  impact  damage  response 
were  effective,  there  is  still  a  need  for  an  effective  analytical  tool  with 
which  to  predict  impact  damage  response.  It  is  expected  that  the  toughness 
and  instrumented  impact  data  presented  in  this  program  will  serve  as  a  basis 
for  the  development  of  empirical  and,  eventually,  analytical  methods  in  the 
future. 

The  similarity  in  impact  damage  characteristics  of  epoxy  and  the  second 
generation  bismaleimide  XM6/3100  indicates  that  damage  tolerance  requirements 
applicable  to  epoxy  systems  would  also  be  applicable  to  IM6/3100.  The  sim¬ 
ilarity  in  impact  damage  performance  is  a  reflection  of  the  improvements  in 
toughness  that  have  been  made  in  second  generation  bismaleimides  compared  to 
first  generation  bismaleimides  such  as  V378A.  At  the  start  of  this  program, 
Amer.can  Cyanamid's  3100  BMI  resin  was  the  toughest,  most  readily  available 
candidate  for  evaluation.  Since  then,  further  improvements  have  been  made  in 
both  Hills  and  epoxies  resulting  in  tougher  systems  than  3100  or  3501-6.  As 
systems  continue  to  evolve,  the  applicability  of  the  draft  Air  Force  dura¬ 
bility  and  damage  tolerance  design  requirements  for  composite  aircraft 
structures  must  be  investigated. 
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